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INTRODUCTION

Smallpox (variola major) is estimated to have killed a billion persons over the past 200 years.
Vaccination eliminated the disease from the earth in the late 1970s (WHO) but stocks of smallpox have
been retained by the US and Russia at safe locations. However, rogue states or terrorist groups may also
have stocks of smallpox which could be used in biowarfare or bioterrorism. In the late 80s, Russia
produced tons of variola, India-1, for use in long range ICBMs (Alibek) and it is uncertain what has
become of those stocks and the thousands of persons trained to produce the variola virus.

The US population has not been vaccinated since the late 70s and is therefore highly susceptible to
infection. Although sufficient vaccine has been identified for use in a national emergency, vaccine
reactions may be severe in persons with weak immune systems (AIDS, Cancer or Organ/bone marrow
transplants) or in patients with skin conditions like eczema and atopic dermatitis. For these reasons, it
would be useful to have a safe and effective oral agent which could be used to prevent or treat variola
infection for use in persons in whom vaccination would be to dangerous.

Furthermore, interleukin-4 (IL4+) positive strains of poxvirus have been reported by Australian
researchers which may be able to circumvent vaccine immunity. This genetically engineered approach,
if applied to variola, could produce a smallpox virus which would be effective in causing illness and
death, even in vaccinated persons. Therefore, an effective antiviral countermeasure would be highly
useful, particularly one which works orally and could be self administered easily. Our compounds,
HDP- CDV and ODE-CDV have been shown to be fully active against these 1L.-4 modified strains of
ectromelia (Buller and Hostetler, in press, 2003).

In the first year of this project, we synthesized over 20 highly active and selective orally active
derivatives of cidofovir and cyclic cidofovir and assessed their in vitro activity and cytotoxicity. Some
of the more promising agents have been successfully tested in vivo in lethal models of poxvirus disease
(HDP-CDV; ODE-CDV, OLP-CDV and OLE-CDV). We have also identified two other classes of
highly active poxvirus drugs which are NOT based on cidofovir. These new compounds are 8.8 to 73
times more active than HDP-CDV in vitro against vaccinia virus and 5 to 32 times more active than
HDP-CDV versus cowpox virus.

In the 02 year, we concentrated on large scale synthesis and provided 4 compounds: HDP-, ODE-, OLP
and OLE-CDV to our collaborators for study in lethal challenge models of poxvirus in mice. We also
synthesized 40 grams of HDP-CDV and ODE-CDV and provided this to Chimerix Inc., the company
selected to do the development for smallpox.



BODY:

Specific Goal #1: To Carry out Structure-Activity Assessments of the in vitro
Activity and Selectivity of Ether Lipid Prodrugs of Cidofovir and Other
Phosphonates Designed for Enhanced Activity Against Smallpox and Other
Orthopox Viruses.

1.0.  Structure-Activity assessment of CDV analogs:

We have synthesized a series of alkoxyalkyl analogs of CDV having various chain lengths, linkers and
recently a series of long chain alkyl esters without a linker moiety. These compounds are generally
highly active against orthopoxviruses such as vaccinia and cowpox. Their activity is a function of the
number of atoms in the chains (including linker atoms). The alkoxyalkyl series have optimal chain
lengths of 18 to 24 atoms. Surprisingly, the linker with the oxygen heteroatom is not a necessary feature
of the molecule which was originally designed to mimie alkylglycerol-phospholipids. Straight alkyl
chains showed a sharp optimal activity at 20 atoms with ECs values of 1.6 and 1.5 mM against vaccinia
and cowpox. This compared with EC50s of 0.5 and 0.6 in the alkoxyalkyl linker series having a chain
length of 20 atoms. This paper is in press (Al, 214. Keith, KA, Wan, WB, Ciesla, SL, Beadle, JR,
Hostetler, KY and Kern, ER. Inhibitory activity of alkoxyalkyl and alkyl esters of cidofovir and cyclic

cidofovir against orthopoxvirus replication, in vitro, Antimicrobial Agents Chemotherapy, in press,
2003. ).

1.1 Structure-Activity assessments of HMPA and PMEG versus vaccinia and cowpox in vitro.
Brad Wan, James Beadle and Stephanie Ciesla of our laboratory, synthesized a series of alkoxyalkanol
esters of (S)HPMPA and PMEG. The compound structures, abbreviations and Antiviral Research
Branch numbers (ARB numbers) are shown below.

Table 1.1.1 Derivatives of (S)HPMPA and PMEG synthesized and submitted for antiviral testing:

ARB# Compound Name Abbreviation
89-021 phosphonomethoxyethyl-guanine PMEG

02-258 hexadecyloxypropyl-PMEG HDP-PMEG
03-080 octadecyloxyethyl-PMEG ODE-PMEG
89-018 (S)-N-[3-hydroxy-2-(phosphonomethoxy)propyl|Jadenine HPMPA

02-376 hexadecyloxypropyl-(S)HPMPA HDP-(S)HPMPA
02-551 octadecyloxyethyl-(S)HPMPA ODE-(S)HPMPA

These compounds were tested for efficacy against cowpox and vaccinia virus in infected HFF cells. The
hexadecyloxypropyl- and octadecyloxyethyl- esters of HPMPA and PMEG were substantially more
active against vaccinia and cowpox than the unmodified nucleotides, 60 to 540 fold. Their toxicity was
also greater but selectivity was quite good , selectivity index of 150 to 970. These compounds seem to
be excellent candidates for back up compounds for HDP-CDV and ODE-CDV, should problems be

encountered in the development. The ODE-PMEG was more active than HDP-PMEG. Both analogs of
HPMPA were equally active.



Table 1.1.2. Efficacy and Cytotoxicity of Ether Lipid Esters of (S)-HPMPA and PMEG

Vaccinia Copenhagen Cowpox Brighton
Name Abbreviation ~ CCso.(uM)®  ECs0 (uM)? sr EC50.(uM)3 s
HPMPA (S)-HPMPA >289 + 38 27424 >107 4.0+38 >72
Hexadecyloxypropyl- HDP-(S)-HPMPA 9.7+6.2 0.01 +£0.004 970 0.02 + 0.006 485
Octadecyloxyethyl- ODE-(S)-HPMPA 1.5+0.4 0.01 +0.003 150 0.02 +0.02 75
PMEG PMEG >244 + 137 54+25 >45 11+1.6 >22
Hexadecyloxypropyl- HDP-PMEG 17+20 0.09 +0.01 189 0.1+0.03 170
Octadecyloxyethyl- ODE-PMEG 19+12 0.01 £0.004 190 0.03 £0.001 63

a. Values are the mean of 2 or more assays + standard deviation
b. .Selectivity Index (SI) = CCs/ECsy
[

1.1.3 Activity of HPMPA and PMEG analogs against smallpox and monkeypox.

In collaboration with Dr. John Huggins of USAMRIID we tested the HDP-PMEG and HDP-
(S)HPMPA against variola major (Bangladesh strain of smallpox) or against monkeypox and the results
are shown below. Both compounds were highly active

Table 1.1.4 Antiviral Activity of Novel Ether Lipid Backup Compounds against Vaccinia,
Cowpox, Variola (Bangladesh) or Monkeypox Viruses in vitro*

50% inhibitory conc.uM’

Compound Variola/BSH Monkeypox
HDP-PMEG <0.05 <0.05
HDP-(S)HPMPA <0.05 <0.05

* Data of Dr.John Huggins & coworkers (V/BSH,MPX)
! Neutral red reduction in Vero 76 cells

We have not received data for the ECs endpoints for these compounds to date.

1.1.5. Activity of CDV analogs against IL.-4 Modifed Mousepox (Ectromelia):

Previous experiments by Australian researchers indicated that the IL-4+ strain could circumvent
immunization in mice, raising fears that this maneuver, if applied to smallpox, could circumvent
vaccination. It is therefore of substantial interest to explore the effect of HDP-CDV and related
compounds on the IL-4+ strains of ectromelia. Dr. R. Mark Buller of St. Louis University reported the
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following data in Ectromelia (mousepox) and IL4 positive Ectromelia using HDP-CDV and other
analogs.

Using a CV-1 cell plaque reduction assay with either ECTV-wt or an ECTV-IL-4+ recombinant virus as
the indicator virus, Dr. Buller has shown that HDP-, ODE-, OLP- and OLE-CDV are highly active
against both wild type and IL-4 modified ectromelia (2). He will also test the new HPMPA and PMEG
analogs shown above. The compounds were sent to him in December, 2003. .

Specific Goal #2: To Assess the Oral Bioavailability, Pharmacokinetics and Toxicity
of the Optimized Prodrugs of Cidofovir in Rodents, in vivo.

To measure the oral bioavailablilty, plasma and tissue pharmacokinetics of the alkyloxyalkanol
derivatives of CDV, we contracted with Moravek Biochemicals of Brea, CA to synthesize the following
compounds each having a stable radiolabel in the pyrimidine ring of cytosine:

1. 1-O-Hexadecyloxypropyl-[2- 14C]cidofovir
2. 1-O-Octadecyloxyethyl- [2- "*C]cidofovir
3. 1-0-Oleyloxypropyl-[2- *C)cidofovir

Our laboratory provided them with the nonradioactive alkyloxyalkyl bromides for the reactions and Dr.
Moravek followed our method to couple the unlabeled ether lipid analogs to cyclic cidofovir to give the
cyclic cidofovir equivalents. We then opened the ring with sodium hydroxide and carried out in vivo
experiments as follows. All of the compounds have been received.

2.1 Oral Bioavailability and Plasma and Tissue Pharmacokinetic Measurements with CDV Ether
Lipid Conjugates:

We administered 10 mg/kg of HDP-, ODE- and OLP-[2-'*C]CDV orally, subcutaneously and
intraperitoneally to mice and sampled plasma at 1,3,6,12,24,48 and 72 hours. The results are shown
below and have been published in Antiviral Research (3):

2.1.1 Table of Oral and SC Pharmacokinetic Data:

Drug TV, Cmax AUCoral AUCsc %0ral Bioavail.
HDP-CDV 149 2.37 53.2 60.5 88
ODE-CDV 139 1.37 41.4 44.5 93
OLP-CDV 99 3.40 1179 120.6 97

OLP-["*C]CDV showed higher peak values of 2.9 to 3.1 uM than seen with oral HDP-CDV. Using the
formula for oral bioavailability, [AUC(parenteral)/AUC(oral)] x 100, and using the area under curve
from zero to 72 hours, the average oral bioavailability is calculated to be 93% for HDP-['*C]CDV and
88 and 97% for ODE- and OLP-CDV, respectively. The oral bioavailability of unmodified cidofovir is
<6% according to literature values reported previously by investigators from Gilead Sciences.

During the 03 year, we will do oral pharmacokinetic and bioavailability studies with 1-O-
octadecyloxyethyl-[”C] (S)HPMPA by the methods shown above.

2.2. Levels of Drug in Key Tissues Following Oral Administration of HDP-["*C]CDV and
ODE-["*C]CDV and OLP-["C|CDV.

Since the kidney toxicity is the dose limiting toxicity for parenteral cidofovir (Vistide®), we treated
mice with oral HDP-['*C]CDV , ODE-["*C]CDV or intraperitoneal [2-'*C]JCDV at equimolar doses. We
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removed kidney at various times and determined the amount of radioactive drug present per gram of
tissue. The area under curve in kidney for for intraperitoneal CDV was 950 nmol.gm.hr versus 150
nmol.gm.hrs HDP-CDV or ODE-CDV given orally at a roughly equivalent molar dose. Thus, 6 times
more i.p. CDV goes to kidney with than with oral HDP-CDV or ODE-CDV.

We carried out similar measurements in lung because of the highly important role of poxviruses in
producing pneumonitis. High levels of drug in lung would be beneficial in reducing viral titers in lung
as much as possible. As shown above, HDP-CDV and ODE-CDV given orally lead

to much higher levels of total drug in lung over the first 72 hours than intraperitoneal CDV at a roughly
equimolar dose. Elimination from lung is much slower with the ether lipid analogs, possibly due to less
rapid conversion to CDV and the mono- and diphosphate analogs or to a longer half life of the
intracellular cidofovir mono- and diphosphates as we showed in MRC-5 human lung cells.

In order to treat smallpox effectively, adequate drug must be delivered to the liver, lungs and spleen
because these organs are key sites where the infection becomes established. As can be seen from both
AUC .72 and Cpyax values in this publication, exposure is increased substantially in all three organs
compared to CDV. The highest levels are achieved in the liver. Tpayx values in the organs for the lipid-
CDV conjugates are long, but comparable to the Trmax values calculated for the plasma. This suggests
that the rate limiting step in the distribution to and uptake by the target organs is governed by the rate of
uptake from the gut. These studies demonstrate clearly that the oral bioavailability of cidofovir can be
increased substantially by esterification of alkoxyalkanols to CDV (4).

Specific Goal #3. To Evaluate Antiviral Activity of Selected Prodrugs of Cidofovir
After Oral Administration to Animals Infected with Vaccinia Virus or Other
Orthopox Viruses.

3.1 Studies with Cowpox at USAMRIID by Dr. John Huggins and coworkers

The raw data from a series of lethal cowpox challenge experiments in mice was provided by Dr. Robert
0. Baker and Dr. John Huggins and is included in its entirety in the Appendix. For the purposes of the
progress report I will present the most pertinent highlights from the results:

Table 3.1.1. Oral HDP-CDYV in Lethal Aerosol Cowpox Infection:

Dose Survivor/Tot %Survival
HDP-CDV 20 mg/kg QD 9/10 90%
HDP-CDV 10 mg/kg QD 10/10 100%
HDP-CDV 5 mg/kg QD 10/10 100%
HDP-CDV 2.5 mg/kg QD 8/10 80%
HDP-CDV 1.25 mg/kg QD 7/10 70%
HDP-CDV 0.625 mg/kg QD 5/10 50%

In this study, full protection was obtained with 5 and 10 mg/kg as a single dose given daily for 5 days,
starting 4 hours after infection. However, when the dose was divided into twice daily dosing, survival
was slightly decreased suggesting that daily dosing is preferable. Drug toxicity was also assessed by
treating animals which were uninfected with 5 daily doses of HDP-CDV: 20mg/kg (8/8); 10 mg/kg
(18/18) and 5 mg/kg (18/18). All uninfected animals treated with drug survived.



Table 3.1.2. Oral HDP-CDV in Lethal Intranasal Cowpox Infection:

Dose Survivor/Tot %Survival
HDP-CDV 20 mg/kg QD 9/10 90%
HDP-CDV 10 mg/kg QD 10/10 100%
HDP-CDV 5 mg/kg QD 10/10 100%
HDP-CDV 2.5 mg/kg QD 8/10 80%
HDP-CDV 1.25 mg/kg QD 7/10 70%

In this study, intranasal infection followed 4 hours later by drug treatment showed full survival with 10
mg/kg HDP-CDV x5. 18 or 20 animals given 5 mg/kg/day for 5 days survived. When 10 or 5 mg/kg
was given twice a day, 100% survival was noted.

Table 3.1.3. Single Oral Dose HDP-CDYV in Lethal Intranasal Cowpox Infection

Dose Day Survivor/Tot %Survival

HDP-CDV 140 mg/kg -1 8/10 80%
HDP-CDV 140 mg/kg 0 1/10 10%
HDP-CDV 140 mg/kg 1 4/10 40%
HDP-CDV 140 mg/kg 2 8/10 80%
HDP-CDV 140 mg/kg 3 2/10 20%
HDP-CDV 70 mg/kg 0 7/10 70%
HDP-CDV 35 mg/kg 0 5/10 50%
HDP-CDV 18 mg/kg 0 2/10 20%

No Treatment 0 2/29 7%

HDP-CDV 140 mg/kg Uninfected 10/10 100% [Tox control]

Single doses of oral HDP-CDV gave variable results. On day -1 (24 hrs before infection) 80% of
animals survived with 140 mg/kg. However, if the same dose was given on day 0 (4 hours after
infection) only 10% survived. Variable protection was noted with a single dose of 140 mg/kg on days 1,
2 and 3 after infection: 40,80,and 20%, respectively. A dose response was noted with single doses 4
hours after infection of 70, 35 and 18 mg/kg: 70, 50 and 20%. The single dose results are inferior to the
5 daily dose schedule shown above. Dr. Baker and Dr. Huggins also did some comparisons of four of
the most promising alkoxylalkyl analogs of CDV given orally in lethal intranasal cowpox infection.

Table 3.1.4. Effect of Treatment Delay with Oral HDP-CDV on Mortality from Lethal Intranasal
Infection with Cowpox Virus.

Dose Rx Days Survivor/Tot %Survival
HDP-CDV 10 mg/kg 0-4 10/10 100%
HDP-CDV 10 mg/kg 1-5 10/10 100%
HDP-CDV 10 mg/kg 2-6 9/10 90%
HDP-CDV 10 mg/kg 3-7 6/10 60%
HDP-CDV 10 mg/kg 4-8 5/10 50%

Delaying treatment with HDP-CDV, 10 mg/kg daily for 5 days, for 1 or 2 days following infection gave

90 to 100% survival. Waiting 3 or 4 days after infection to begin treatment gave lower survival, 50 to
60%.
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Table 3.1.5. Comparison of 4 Different Analogs of CDV: HDP-; ODE-; OLP- and OLE-CDV in
Lethal Intranasal Cowpox Infection.

Survivors/Total
Dose RxDays ~ HDP-CDV ODE-CDV OLP-CDV _ OLE-CDV
10 mg/kg 0-4 2020  10/10 10/10 10/10
5 mg/kg 0-4 18/20 10/10 10/10 10/10
2.5 mg/kg 0-4 8/10 10/10 7110 9/10

These studies suggest that all 4 analogs are highly effective. ODE-CDYV appears to be the most effective
with 100% survival at 2.5 mg/kg for 5 days. At this dose, the other compounds gave 70 to 90% survival.

In summary, 5 daily doses of HDP-CDV provided full protection at 10 or 5 mg/kg when given 4 hours
to 24 hours after infection. Protection diminished if treatment was delayed for 3 or 4 days but 50% or
more survived even with long treatment delays. ODE-CDV appeared to be slightly more effective than
HDP-CDV but the difference may not be statistically significant. Oleyloxypropyl or oleyloxyethyl
analogs were also highly effective. (John Huggins et al, unpublished, 2002-2003).

3.2 Studies with Cowpox and Vaccinia by Dr. Earl R. Kern and coworkers, University of
Alabama, Birmingham.

Our studies with 4 lead compounds on oral treatment of cowpox and vaccinia in vito are in press. The
abstract of this paper follows:

Four newly synthesized alkoxyalkyl esters of cidofovir (CDV): hexadecyloxypropyl-CDV (HDP-CDV),
octadecyloxyethyl-CDV (ODE-CDV), oleyloxyproplyl-CDV (OLP-CDV) and oleyloxyethyl-CDV
(OLE-CDV), were found to have enhanced activities against vaccinia and cowpox viruses in vitro. The
compounds were administered orally and evaluated for efficacy against lethal cowpox virus (CV) or
vaccinia virus (VV) infections in mice. HDP-CDV, ODE-CDV or OLE-CDV was effective at
preventing mortality to CV when treatments were initiated 24 h post viral inoculation, but only HDP-
CDV and ODE-CDV maintained efficacy when treatments were initiated as late as 72 h. Oral
pretreatment with HDP-CDV or ODE-CDV was also effective when given 5, 3, or 1 day prior to virus
inoculation with CV, even when administered as a single dose. Both HDP-CDV or ODE-CDV were also
effective against VV infections when administered orally 24 or 48 h after infection. In animals treated
with HDP-CDV or ODE-CDV, virus titers in liver, spleen and kidney were reduced 3-7 log;o for both
CV and VV. In contrast, virus replication in lung was not significantly reduced. These data indicate that
HDP-CDV or ODE-CDV given orally is as effective as parenteral CDV for the treatment of
experimental CV and VV infections and suggests that the compounds may be useful for treatment of
orthopoxvirus infection in humans. This paper is in press in Antimicrobial Agents and Chemotherapy

(4) and a copy is in the Appendix.
3.3 Studies with Ectromelia virus (Mousepox) by Dr. R. Mark Buller, St. Louis University
We have completed initial studies of oral HDP-, ODE-, OLP- and OLE-CDV in the lethal aerosol

challenge model with ectromelia virus (mousepox). The paper is in press in Virology (2) and a copy is
included in the Appendix. The abstract follows:
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Cidofovir (CDV) is a highly effective inhibitor of orthopoxvirus replication, and may be used
intravenously to treat smallpox or complications arising from the smallpox vaccine under an
investigational new drug application (IND). However, CDV is absorbed poorly following oral
administration and is inactive orally. To improve the bioavailability of CDV, alkoxyalkanol esters of
CDV were synthesized and were found >100 fold more active than unmodified CDV against cowpox,
vaccinia, and variola virus replication. The ether lipid analogs of CDV have high oral bioavailablity in
mice. In this study, we compared the oral activity of CDV with the hexadecyloxpropyl-,
octadecyloxyethyl-, oleyloxypropyl- and oleyloxyethyl- esters of CDV in a lethal, aerosol ectromelia
virus challenge model in A/NCR mice. Octadecyloxyethyl-CDV appeared to be the most potent CDV
analog as a dose regimen of 5Smg/kg completely blocked virus replication in spleen and liver, and
protected 100 % of A/NCR mice, while oral, unmodified CDV was inactive. These results suggest this
family of compounds deserves further evaluation as poxvirus antivirals.

3.4 Studies with Cowpox and Vaccinia Viruses by Dr. Don Smee, State University of Utah

We have completed initial studies of lethal vaccinia virus infection treated with a single oral dose of
HDP-CDV in collaboration with Dr. Don Smee of the State University of Utah. This paper is in press in
the International Journal of Antimicrobial Chemotherapy (5) and a copy is included in the Appendix.
The abstract from this paper follows:

Intranasal infection of BALB/c mice with the IHD strain of vaccinia virus was found to cause
pneumonia, profound weight loss, and death. Cidofovir, hexadecyloxypropyl-cidofovir (HDP-CDV),
the diacetate ester prodrug of 2-amino-7-[(1,3-dihydroxy-2-propoxy)methyl]purine (HOE961) and
ribavirin were used to treat the infections starting 24 h after virus exposure. Single intraperitoneal (i.p.)
cidofovir treatments of 100 and 30 mg/kg led to 90-100% survival compared to no survivors in the
placebo group, whereas a 10 mg/kg dose was ineffective. The 100 mg/kg treatment reduced lung and
snout virus titers on day 3 of the infection by 20- and 8-fold, respectively. Mean arterial oxygen
saturation levels in these two cidofovir treatment groups were significantly higher than placebo on days
4 through 6 of the infection, indicating an improvement in lung function. Effects of cidofovir on viral
pathogenesis were studied on days 1, 3, and 5 of the infection, and demonstrated statistically significant
reductions in lung consolidation scores, lung weights, lung virus titers, and snout virus titers on days 3
and 5. Cidofovir treatment also reduced virus titers in other tissues and body fluid, including blood,
brain, heart, liver, salivary gland, and spleen. HDP-CDV was given orally at 100, 50 and 25 mg/kg one
time only, resulting in 80-100% survival. Lower daily oral doses of 10 and 5 mg/kg/day given for 5
days protected only 30% of animals from death. Oral doses (100, 50, and 25 mg/kg/day) of HOE961 for
5 days protected all animals, whereas equivalent oral doses of ribavirin were completely ineffective.
The rapidity of recovery from weight loss during the infection was a function of dose of compound
administered. These data indicate the utility of parenteral cidofovir, oral HDP-CDV and oral HOE961
in treating severe respiratory infections caused by this virus.
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KEY RESEARCH ACCOMPLISHMENTS: 02 YEAR

Synthesis of >30 highly active esters of cyclic cidofovir and cidofovir which are more active
than unmodified CDV against variola, monkeypox, cowpox, ectromelia (mousepox) and vaccinia
viruses in vitro.

Discovery of a series of non-linker containing series of straight chain alky! esters of cidofovir
which approach the antiviral activity and selectivity of alkoxyalkyl esters of cidofovir against
poxviruses.

Publication of the oral pharmacokinetics of HDP-, ODE-, OLP-CDV in mice using 14C-labeled
drug. 88 to 97% oral bioavailability demonstrated.

Demonstration that oral HDP-[2-'*C]JCDV given orally does not concentrate in the mouse
kidney. Kidney toxicity is dose-limiting for intravenous cidofovir.

Completed scale up synthesis of HDP-CDV (40 grams), ODE-CDV (40 gm) and characterization
of the drugs by mass spectroscopy and NMR and HPLC. These compounds were used in animal

efficacy studies in various model infections and have been supplied to Chimerix Inc., the NIAID

contractor charged with the clinical development of these compounds.

Oral HDP-CDYV shown to provide complete protection from lethal cowpox challenge at 10 and 5
mg/kg day x 5 days by USAMRIID investigators (Huggins) and by Earl Kern and coworkers.

Oral ODE-CDV shown to have protective effects in lethal cowpox challenge even after treatment
delays of up to 48 hours. 72 hour treatment delays provide less protection. (Huggins, Kern)

Oral HDP-CDV, 10 mg/kg, provides complete protection in lethal Ectromelia virus challenge in
mice (mousepox) and ODE-CDV at 5 mg/kg provided complete protection from ectromelia.
Viral titers decreased to undetectable levels in liver and spleen with lung levels generally
decreased several logs by these treatments (Buller).

Discovered two new classes of analogs of (S)HPMPA and PMEG which are 6 to 80 times more
active than HDP-CDV against poxviruses including cowpox, vaccinia, and variola. These
compounds will be evaluated for oral bioavailability and oral activity in lethal models of
poxvirus disease in mice in the 03 year.

7 papers published or in press

9 abstracts published during the 02 year related to our work.
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CONCLUSIONS:

In the second year of work under this Army grant, we have continued to evaluate structure-activity
relationships in esters of cidofovir and other antiviral phosphonates. We have synthesized over 30 active
antiviral compound active against variola, vaccinia, monkeypox, cowpox and mousepox. Most of these
compounds are substantially more active and selective than cidofovir. We have also discovered a new
series of active compounds which have no linker moiety. The most active of these is a 20 carbon
straight alkyl chain (docosanol) esterified to CDV. Our lead compounds, 1-O-hexadecyloxypropyl-
cidofovir (HDP-CDV) and 1-O-octadecyloxypropyl-cidofovir (ODE-CDV), have excellent orally
bioavailability and prevent death from lethal cowpox and mousepox viral challenge. Four papers on oral
activity or our drugs are currently in press in peer reviewed journals. We have also identified two new
classes of highly active anti-poxvirus drugs NOT based on cidofovir, (SYHPMPA and PMEG analogs
using our design are also highly active against variola and other poxviruses. We have provided 40
grams of HDP-CDV and ODE-CDV to the NIAID contractor charged with the clinical development of
these agents for dose ranging toxicology studies.

In the coming 03 year of the project we will continue to support our collaborators at USAMRIID by
providing new analogs of (S)HPMPA and PMEG for in vitro and in vivo animal studies against
orthopoxviruses. We will also intensify our research on the two new compounds to determine oral
bioavailability and activity in various animal models of poxvirus disease. We do not believe that any
changes in general direction or activities is necessary beyond those described in the original proposal.

With regard to possible medical products, we believe that HDP-CDV or ODE-CDV represent excellent
candidates drugs for oral prevention or treatment of smallpox. The best of these two drugs could be
developed to IND filing and human safety testing in order to provide a therapy/preventative for
immunosuppressed Americans or Americans with eczema or atopic dermatitis who cannot be safely
vaccinated. Final proof of concept would require successful testing in an FDA acceptable primate model

of smallpox like that currently being developed by Dr. Peter Jahrling and Dr. John Huggins of
USAMRIID.
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ABSTRACT

Recently, there has been renewed interest in finding orally
active drugs against smallpox. Cidofovir (CDV) given by paren-
teral injection has been shown to protect against lethal poxvirus
infection. We have been interested in the synthesis and evalu-
ation of orally active derivatives of CDV. Previous studies
showed that the CDV and cyclic cidofovir (cCDV) analogs 1-O-
hexa-decyloxypropyl-CDV (HDP-CDV) and 1-O-hexadecy-
loxypropyl-cCDV (HDP-cCDV), show >100-fold increases in
antiviral activity versus the unmodified nucleosides against
cells infected with orthopoxviruses, cowpox, and vaccinia vi-
rus. In contrast to CDV, HDP-CDV is orally bioavailable and has
been reported to be orally active in lethal cowpox virus infection
in mice. To assess the metabolic basis for the increased anti-
viral activity of HDP-CDV in vitro, we studied the cellular uptake

and anabolic metabolism of '*C-labeled CDV, ¢CDV, and their
alkoxyalkanol esters HDP-CDV and HDP-cCDV. HDP-CDV and
HDP-cCDV were taken up rapidly by MRC-5 human lung fibro-
blasts in vitro, but uptake of CDV and cCDV was much slower.
Analysis of cellular metabolites showed that levels of cidofovir
diphosphate (CDV-DP), the active antiviral compound, were
=100 times greater with HDP-CDV than levels observed with
CDV. When cells were exposed to HDP-CDV, the intracellular
half-life of CDV-DP was 10 days versus 2.7 days reported when
cells are exposed to CDV. HDP-CDV seems to circumvent poor
cellular uptake by rapid association with cellular membrane
phospholipids, whereas CDV uptake proceeds via the slow
process of fluid endocytosis.

Cidofovir (1-[(S)-3-hydroxy-2-(phosphonomethoxy)propyl]
cytosine; CDV) is an acyclic phosphonate analog of eytosine
that has been shown to have activity against all double-
stranded DNA viruses studied to date, including herpes
group viruses, orthopoxviruses, parapoxviruses, adenovi-
ruses, and papovaviruses (De Clerceq et al., 1987; Snoeck et
al., 1988; De Clercq, 1997). CDV (Vistide; Gilead Sciences,
Foster City, CA) is approved as an intravenous treatment for
cytomegalovirus retinitis in AIDS patients but has dose-
limiting renal side effects (Lea and Bryson, 1996; Plosker and
Noble, 1999). CDV given intravenously protects mice against
lethal vaccinia or cowpox virus infection (Neyts and De
Clercq, 1993; Bray et al., 2000; Smee et al., 2000). Topical
cidofovir has also been reported to have activity against
mollusca contagiosum (Zabawski, 2000). Intralesional CDV

This work was funded in part by National Eye Institute grant EY11834,
National Institute of Allergy and Infectious Disease grant A129164, and Depart-
ment of the Army grant DAMD 17-01-2-007. The U.S. Army Medical Research
Acquisition Activity, Fort Detrick, MD, is the awarding acquisition office.

The content of this article does not necessarily reflect the position or policy
of the government, and no official endorsement should be inferred.

K.Y.H. is a consultant to Chimerix, Inc., the licensee of HDP-CDV,

has been used to treat laryngeal papillomatosis (Snoeck et
al., 1998; Stragier et al., 2002).

It would be useful to have highly active antiviral analogs of
CDV that are less toxic and orally bioavailable. Our labora-
tory has developed a strategy to enhance absorption of poorly
absorbed nucleotides, such as acyclovir monophosphate and
ganciclovir monophosphate, by attaching certain ether lipid
residues, such as 1-O-hexadecylpropanediol (Hostetler et al.,
1997, 2000, 2001; Beadle et al., 2000). As part of this pro-
gram, we synthesized 1-O-hexadecyloxypropyl-CDV (HDP-
CDV) and tested it against MRC-5 human lung fibroblasts
infected with cytomegaloviruses and herpes simplex viruses,
type 1 and type 2. HDP-CDV exhibited multiple log increases
in antiviral activity in vitro against CMV and HSV-1 com-
pared with CDV (Beadle et al., 2002) (Table 1). HDP-CDV
was also active against various ganciclovir-resistant CMV
isolates. Multiple log enhancement of antiviral activity was
also noted against various strains of cowpox and vaccinia
virus infected cells in vitro (Kern et al., 2002) (Table 1) and
against variola virus-infected cells in vitro (J. W. Huggins,
personal communication).

ABBREVIATIONS: CDV, cidofovir; HDP, 1—O—hexadécyi6_xypropyl; HSV, herp; -s.impléx virus; CMV, cytomegélovirus; cCDV, cyclic cidofovi_r;
PBS, phosphate-buffered saline; HPLC, high-performance liquid chromatography; CDV-MP, cidofovir monophosphate; CDV-DP, cidofovir

diphosphate; HCMV, human cytomegalovirus.
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Fig. 1. Uptake of "*C-labeled drugs by MRC-5 human lung fibroblasts.
Data are the average of two determinations. @, CDV; B, cyclic CDV; O
HDP-CDV; [], HDP-cyelic CDV.
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Fig. 2. Effect of concentration of cellular uptake of “C-labeled drugs.
Cells were exposed to drugs for 4 h and analyzed for drug content. @,
CDV; A, cyclic CDV; O, HDP-CDV; [, HDP-cyclic CDV.

TABLE 2

"“CICDV for 24 h. Then the radioactive drug was washed
away with PBS and the medium was replaced with drug-free
growth medium and incubation continued for 2 to 10 days.
Cell metabolites were analyzed by HPLC at 0, 2, 4, 6, 8, and
10 days after removal of the drug. Cell extracts were pre-
pared by freezing and thawing in water, and the membrane
fraction was isolated by centrifugation. The membrane frac-
tion contained unmetabolized HDP-[2-*C]CDV, which rep-
resented 2084 pmol/flask at time 0. The water-soluble me-
tabolites consisted of 460 pmol/flask CDV, 45 pmol/flask
CDV-MP, and 83 pmol/flask CDV-DP at zero time (Fig. 3).
Two days after the washout of HDP-[2-'*C]CDV from the
flask, membrane levels of HDP-[2-"C]CDV declined by 52%,
whereas the water-soluble metabolites [2-'*C]CDV,
[2-"CICDV-MP, and [2-*C]CDV-DP increased by 58, 102,
and 64%, reaching peak levels of 722, 74, and 166 pmol/flask,
respectively. Thereafter, CDV, CDV-MP, and CDV-DP de-
clined gradually to 267, 24, and 83 pmol/flask at 10 days. The
T, s values for HDP-CDV, CDV, CDV-MP, and CDV-DP were
estimated to be 2, 8, 7, and 10 days, respectively (Fig. 3).

Discussion

Cellular uptake of CDV is slow and has been shown to
occur by fluid phase endocytosis (Connelly et al., 1993). Co-
valent addition of the 1-O-hexadecyloxypropyl ester to the
phosphonate of CDV results in remarkable increases in the
antiviral activity of HDP-CDV versus CDV against HCMV
and HSV (Beadle et al., 2002) and against vaccinia virus and
cowpox viruses (Kern et al., 2002) (Table 1). The present
study indicates that this is caused, at least in part, by in-
creased cell penetration of HDP-CDV relative to CDV. Fur-
thermore, the intracellular levels of the active antiviral me-
tabolite, CDV-DP, formed after intracellular cleavage of
HDP-CDV by phospholipase C-like enzymes and phosphory-
lation by cellular kinases, is more than two logs greater than
the levels observed with equimolar concentrations of CDV,
The intracellular half-life of CDV-DP is approximately 10
days in cells exposed to HDP-CDV versus a reported half-life
in cells exposed to CDV of 17 h (Ho et al., 1992) or 1 to 2.7
days in Vero cells, where a biphasic decay of CDV-DP was
observed (Aduma et al., 1995). The ratios of CDV to CDV-MP
and CDV-DP observed when cells were exposed to HDP-CDV
were generally similar to that seen with CDV alone, as re-
ported by Ho and coworkers (1992) and Aduma et al. (1995)
(i.e,, CDV = CDV-DP > CDV-MP). Surprisingly, we did not
observe conversion of CDV to CDV diphosphate choline in
these experiments, in contrast to prior reports (Ho et al.,
1992; Aduma et al., 1995). An important cause of the 10-day
T\, value observed for CDV-DP after exposure of cells to

Comparison of metabolite levels found in MRC-5 cells after exposure to [2-"*C]CDV (10 pM) or HDP-[2-*C]CDV (10 M)
Times are the time of exposure to radicactive CDV or HDP-CDV. Each data point represents an analysis of the cells from a single T-75 flask.

CDv

Metabolite G6h 24 h

HPMPU 4.8 6.9
CcDhv 146.4 273.8
CDV-MP 3.9 1.0
CDV-DP 6.3 1.3

HDP-CDV
48 h 6h 24 h 48 h
pmoll flask
4.2 8.8 27.3 36.0
129.3 166.7 697.4 702.0
1.2 11.8 63.2 71.4
1.8 11.2 132.6 184.4

HPMPU, (8}-13-hydroxy-2-(phosphonoylmethoxy )propyl Juridine.
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Abstract

Smallpox was eradicated by vaccination in the 1970s. However, concerns have arisen about the potential use of variola virus as a
biological weapon. Most of the world’s population has little residual immunity because systematic vaccination against smallpox ceased in
the early 1970s. Vaccination of key elements of the population against smallpox is again being considered. However, there are now large
numbers of persons who cannot be safely vaccinated with the current vaccine because of AIDS, immunosuppressive drugs, and certain
common skin disorders. It would be useful to have a potent orally active drug as an alternative for these persons in case of an outbreak of
smallpox.

Alkoxyalkyl esters of cidofovir (CDV) have been shown to be highly active and selective against poxviruses in vitro with activities
several logs greater than the activity of unmodified CDV. This is due in large part to increased cellular penetration and conversion to
CDV-diphosphate, the active antiviral. In this paper, the oral pharmacokinetics of *C-labeled hexadecyloxypropyl-cidofir (HDP-CDV),
octadecyloxyethyl-cidofir (ODP-CDV), and oleyloxypropyl-cidofir (OLP-CDV) are examined and oral bioavailability and tissue distribu-
tion assessed and compared with parenteral CDV. The alkoxyalkyl CDVs are highly orally bioavailable and do not concentrate in kidney,
the site of the dose-limiting toxicity of CDV. Plasma and tissue drug levels are many times greater than the in vitro ECsq for variola,
cowpox, and vaccinia viruses. Thus, the compounds are good candidates for further development for prevention and treatment of smallpox
infection and the complications of vaccination.

Published by Elsevier B.V.

Keywords: Esterification; Alkoxyalkanols; Oral bioavailability

ministered by intravenous infusion. In addition, CDV has
exhibited treatment-limiting nephrotoxicity resulting in the
requirement for prehydration, slow intravenous infusion

Cidofovir (CDV, Vistide®; 1-[(S)-9-(hydroxyphospho-
nomethyl-propyl)cytosine]), is a potent and selective in-
hibitor of viral DNA synthesis after conversion by cellular

kinases to the diphosphate (Snoek et al., 1988; De Clercq
et al.,, 1987; Ho et al., 1992; Cherrington et al., 1994;
Xiong et al., 1996), and is FDA approved for the treatment
of cytomegalovirus retinitis in AIDS patients (Lalezari
et al.,, 1997; Studies of Ocular Complications Authors,
1997). However, owing to poor oral bioavailability of <5%
(Wachsman et al., 1996; Cundy, 1999), CDV must be ad-

Abbreviations:  CDV, cidofovir;, HDP-CDV, hexadecyloxypropyl-
cidofovir; ODE-CDV, octadecyloxyethyl-cidofovir; OLP-CDV, oleyloxy-
propyl-cidofovir

* Corresponding author. Tel.: +1-858-552-8585x2616;
fax: 41-858-534-6133.

E-mail address: khostetl@ucsd.edu (K.Y. Hostetler).
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and concomitant treatment with Probenecid.

CDV is a broad spectrum antiviral that shows in vitro
activity against other DNA viruses including the herpes
viruses, orthopoxviruses, polyomavirus, papillomavirus, and
adenoviruses (reviewed in De Clercg, 2002). CDV is also
active in vivo against lethal vaccinia and cowpox challenge
experiments in rodents when given by injection including the
intraperitoneal, intravenous, and subcutaneous routes of ad-
ministration (De Clercq and Neyts, 1993; Bray et al., 2000;
Martinez et al., 2000; Smee et al., 2001; Huggins et al.,
2002).

We reported recently that the in vitro activity of CDV
against herpes group viruses (HCMV and HSV) and or-
thopoxviruses (vaccinia and cowpox) could be increased
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radioactive compounds were dried under nitrogen gas and
rehydrated with sterile 0.9% saline, followed by sonication
to obtain clear solutions.

1.2. Pharmacokinetic studies

Female NIH Swiss mice (Harlan-Sprague-Dawley,) at
a weight range of 20-25 g were treated by the routes and
dosages indicated with [2-'*C]JCDV or HDP-, ODE-, or
OLP-[2-'*C]CDV. At times ranging from 1 to 72h, blood
was collected in heparinized tubes and the mice were eu-
thanised. In tissue distribution experiments, spleen, liver,
kidney, and lung tissues were removed at the indicated times,
weighed, and solubilized with TS-2 (Research Products In-
ternational, Mt. Prospect, IL.) and processed for liquid scin-
tillation counting. The blood was centrifuged and the drug
content of a 50 pl aliquot was determined by liquid scintil-
lation counting. Plasma and organ drug content is reported
as nanomol drug per milliliter (plasma) and nanomol drug
per gram (organs). Animal studies were carried out in ac-
cordance with the Guide for the Care and Use of Laboratory
Animals as adopted and promulgated by the U.S. National
Institute of Health.

1.3. Analysis of plasma

In some experiments with oral HDP-[2-'#C]CDV, plasma
was subjected to lipid extraction to separate CDV from
HDP-CDV (Folch et al., 1957). The aqueous and lipid
phases were separated and the upper phase was washed
twice with ideal lower phase (as defined in Folch et al.,
1957). The original lower phase and the two washes were
combined. Aliquots of the upper and the combined lower
phases were removed for liquid scintillation counting.
The lower phase was also analyzed by thin layer chro-
matography on silica gel G layers developed with chloro-
form:methanol:ammonia:water (70:58:8:8) by volume. The
plates were scanned with a Radiomatic RTLC scanner (Ra-
diomatic, Tampa, FL) and the peaks were compared with
reference standards of HDP-[2-'*C]CDV and [2-'*C|CDV.

Plasma lipid extracts were also analyzed by HPLC as de-
scribed previously (Aldern et al., 2003). Aliquots of the up-
per phases of the lipid extraction were applied to a 4.6 cm x
15¢m Partisil 10 SAX column with a SAX guard column.
The column was eluted at a flow rate of 1 ml/min using a
potassium phosphate bufter gradient of 20-700 mM, pH 5.8,
beginning at 9 min for a duration of 20 min and a termi-
nal hold of 5 min. Fractions were collected in 1 min/ml and
FloScint IV scintillation fluid was added and the samples
were analyzed by liquid scintillation counting. The lower
phase from the lipid extractions were also analyzed by HPLC
as follows. A small aliquot of the lower phase, 50-75 pl, was
applied to a 4.6cm x 15cm Waters XTerra column with a
3.9 mm x 20 mm Waters XTerra guard column (Waters Corp,
Milford, MA). The samples were eluted with 80% methanol
at a flow rate of 0.5 ml/min for 15 min. One milliliter of frac-

tions were collected and analyzed as described above. Ra-
dioactivity in each fraction was plotted versus time and the
fractions containing HDP-CDV were determined by com-
parison with the retention time of an unlabeled HDP-CDV
standard run under identical conditions.

2. Results
2.1. Dose dependence of plasma drug levels

HDP-[2-14C]CDV was administered by oral gavage to
mice at doses of 5, 10, and 20mg/kg. For comparison,
[2-"C]CDV was given orally at 5.6 mg/kg (a dose which is
the molar equivalent of the CDV delivered by 10 mg/kg of
HDP-CDV). Plasma was obtained at times from | to 24 h
postdose and drug levels determined as described in methods
(Fig. 2). Plasma CDV levels were highest 1 h after oral dos-
ing, 0.12 uM, and declined to 0.007 uM at 24 h. Oral admin-
istration of HDP-CDV produced substantially higher plasma
levels. At 5mg/kg, a peak value of 0.8 WM was reached at
6h. At 10mg/kg a plateau was observed between 3 and 12 h
with a peak value of 2.37 uM at 12 h. At 20 mg/kg, delayed
appearance of drug in plasma was noted relative to the re-
sults obtained with the 5 and 10 mg/kg doses. A peak level
of 3.17 pM HDP-CDV occurred at 12 h, declining to 1.67
at 24 h.

Area under curve values (AUCy—4p) were as follows:
CDV 5.6 mg/kg, 0.81 units; HDP-CDV 5 mg/kg, 16.3 units;
10 mg/kg, 38.8units, and 20mg/kg, 16.5units. At mo-
lar equivalent doses, the AUCy_o4p, of oral HDP-CDV in
mouse plasma is 48 times greater than that of oral CDV. The
AUCy-24p, values for 5 and 10mg/kg of HDP-CDV were
roughly proportional to dose, but the AUCp—p4y, value for
20 mg/kg HDP-CDV was significantly lower than expected
because much of the decline of drug in plasma occurred
after 24 h and was not measured. Therefore, in the subse-
quent oral bioavailability experiments, plasma drug levels
were measured out to 72 h.

2.2. Assessment of oral bioavailability

HDP-[2-'4CJCDV (10 mg/kg in normal saline) was ad-
ministered to mice by the subcutaneous, intraperitoneal
and oral routes and plasma was obtained at times ranging
from 1 to 72h. Similar experiments were carried out with
ODE-[2-'*C]CDV and OLP-[2-"*CJCDV except that these
drugs were only administered by the oral and subcutaneous
routes (Fig. 3). The pharmacokinetic data derived from this
data is shown in Table 1. When given by the intraperitoneal
or subcutaneous routes, HDP-CDV drug levels in plasma
peaked 3 or 6 h after administration at 3.1 and 2.7 pM, re-
spectively. Oral HDP-CDV reached a plateau after 3 h with a
peak of 2.4 pM at 12 h. After 12 h the oral plasma drug levels
declined with a rate similar to that of the parenterally admin-
istered HDP-CDV. Comparison of the oral and parenteral
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Fig. 3. Determination of the oral bioavailability of HDP-CDV, ODE-CDV, and OLP-CDV in mice. Mice were given 10 mg/kg of the indicated compounds
by the orally (closed circles), subcutaneously (squares), or intraperitoneally (triangles). HDP-CDV (A), ODE-CDV (B). and OLP-CDV (C). The data
represent all species of "*C-labeled drug in plasma (wmol) at the indicated times following administration. The data are the average of three separate
determinations. The pharmacokinetic data is summarized in Table 1.
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Abstract

Intranasal infection of BALB/c mice with the IHD strain of vaccinia virus was found to
cause pneumonia, profound weight loss, and death. Cidofovir, hexadecyloxypropyl-
cidofovir (HDP-CDV), the diacetate ester prodrug of 2-amino-7-[(1,3-dihydroxy-2-
propoxy)methyl]purine (HOE961) and ribavirin were used to treat the infections starting 24
h after virus exposure. Single intraperitoneal (i.p.) cidofovir treatments of 100 and 30
mg/kg led to 90-100% survival compared to no survivors in the placebo group, whereas a
10 mg/kg dose was ineffective. The 100 mg/kg treatment reduced lung and snout virus
titers on day 3 of the infection by 20- and 8-fold, respectively. Mean arterial oxygen
saturation levels in these two cidofovir treatment groups were significantly higher than
placebo on days 4 through 6 of the infection, indicating an improvement in lung function.
Effects of cidofovir on viral pathogenesis were studied on days 1, 3, and 5 of the infection,
and demonstrated statistically significant reductions in lung consolidation scores, lung
weights, lung virus titers, and snout virus titers on days 3 and 5. Cidofovir treatment also
reduced virus titers in other tissues and body fluid, including blood, brain, heart, liver,
salivary gland, and spleen. HDP-CDV was given orally at 100, 50 and 25 mg/kg one time
only, resulting in 80-100% survival. Lower daily oral doses of 10 and 5 mg/kg/day given
for 5 days protected only 30% of animals from death. Oral doses (100, 50, and 25
mg/kg/day) of HOE961 for 5 days protected all animals, whereas equivalent oral doses of
ribavirin were completely ineffective. The rapidity of recovery from weight loss during the

infection was a function of dose of compound administered. These data indicate the utility



of parenteral cidofovir, oral HDP-CDV and oral HOE961 in treating severe respiratory

infections caused by this virus.

Keywords: vaccinia virus, pathogenesis, cidofovir, HDP-CDV, HOE961, ribavirin, antiviral

1. Introduction

Efforts are intensifying to discover and develop compounds potentially active against
the bioterrorism viruses variola (smallpox) and monkeypox [1-4]. The treatment of
progressive vaccinia as a complication of vaccination in immunodeficient individuals [5] or
of other poxvirus infections such as molluscum contagiosum [6-9] or orf virus [10] may also
be advanced by this research.

Animal models of lethal respiratory virus infections in mice have been used to evaluate
known-active antiviral agents with potential utility against pox viruses [11]. Cowpox virus
was shown by Bray et al. [12] to cause fatal infections in mice when given by intranasal or
aerosol challenges. Martinez et al. [13] reported the pathology of the virus in these animals.
This model has been used to demonstrate the antiviral activities of cidofovir [12, 14],
ribavirin [15], 2-amino-7-[(1,3-dihydroxy-2-propoxy)methyl]purine (52241) [16], and the
diacetate ester prodrug (HOE961) of 52242 [16]. More recently, alkoxyalkyl esters of
cidofovir such as hexadecyloxypropyl-cidofovir (HDP-CDV), have been reported to be
effective orally against cowpox virus infections in mice [17].

Nelson [18] first reported that vaccinia virus would cause lethal infections in mice when

administered intranasally. Turner [19] showed that the WR strain of vaccinia virus was the



most lethal by this inoculation route. He also reported that the IHD strain caused some
deaths in mice, whereas the Copenhagen, Lister, Levaditi, and Tashkent strains of vaccinia
were not lethal by intranasal instillation. Early chemotherapy studies using the intranasal
infection model of vaccinia virus were conducted with either the WR [20, 21] or IHD [22]
strains. These experiments identified the potential utility of thiosemicarbazones and
phenoxythiouracils as anti-poxvirus agents. Smee et al. [23, 24] used the vaccinia virus (WR
strain) intranasal model to demonstrate the efficacy of cidofovir in the treatment of the
infection.

Based upon Turner's [19] work, it was initially thought that the IHD strain was much
less virulent than the WR strain and may not be adequate for a lethal mouse infection
model. However, Thompson et al. [22] successfully employed the IHD strain in a
chemotherapy experiment. Our approach was to produce a very high titer pool of the IHD
virus strain and determine its lethal dose in mice. From those evaluations it was
determined that the IHD strain was much more virulent than anticipated, in fact it was
similar in virulence to the WR strain.

The activity of cidofovir was well characterized against infections with the WR strain of
virus [23, 24] using intraperitoneal treatment (the compound is ineffective when given
orally). It was deemed appropriate to study the drug against intranasal infections in mice
caused by the IHD virus strain. HDP-CDV is the hexadecyloxypropyl ester of cidofovir and
it exhibits a 58 to 74-fold increase in antiviral activity against vaccinia virus, Copenhagen or
Brighton strains, in vitro [25]. The increased antiviral activity of HDP-CDV has been shown

to be due to greatly increased cellular uptake and conversion to cidofovir diphosphate, the
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active antiviral metabolite [A]. Esterification of CDV to HDP-CDV also promotes excellent

oral bioavailability, 88%, in mice versus <5% for cidofovir [B][C]. We also wanted to assess
the efficacy of two other compounds with potential oral activity in the model, HOE91, and
ribavirin. Up to the present time, only parenteral cidofovir has been studied in both
cowpox and vaccinia models, with no published studies of other compounds against

vaccinia virus.

2. Materials and Methods
2.1. Antiviral compounds

Mick Hitchcock of Gilead Sciences (Foster City, CA, USA) kindly provided cidofovir.
Ribavirin was from ICN Pharmaceuticals (Costa Mesa, CA, USA). HDP-CDV was
synthesized from cyclic cidofovir by coupling to hexadecyl bromide as reported previously
[25]. Cyclic cidofovir was generously provided by Gilead Sciences, Foster City, CA.
HOE961 was kindly provided by Juergen Puenter of Aventis Pharma (Frankfurt, Germany).
Cidofovir was dissolved in sterile saline for intraperitoneal (i.p.) injection into mice. Sterile
water was used to dissolve the other compounds for oral gavage treatments. Sterile saline

or water served as the respective placebo control.

2.2. Virus and cells
Vaccinia virus (IHD strain) was purchased from the American Type Culture Collection
(ATCC) (Manassas, VA, USA). The virus was propagated in African green monkey kidney

(MA-104) cells (BioWhittaker, Walkersville, MD, USA). Plaque assays of the virus were
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done in African green monkey kidney (Vero) cells (from ATCC). The MA-104 cells were

cultured in Eagle’s medium (MEM) containing 9% fetal bovine serum (FBS) whereas the
Vero cells were grown in Medium 199 with 5% FBS. MEM with 2% FBS and gentamicin (50

ng/ml) was used for viral propagation and plaque assays.

2.3. Mouse infection studies

Female BALB/c mice (13-15 g) were purchased from either B & K Universal (Fremont,
CA, USA) or Simonsen Laboratories (Gilroy, CA, USA) for the studies. An infectious
vaccinia virus challenge of 5 x 105 to 1 x 10¢ plaque forming units (about 10 50% lethal doses)
per mouse was used for the experiments. This was based upon previously conducted
lethality titrations with the virus in mice. Virus was administered intranasally in a 50 pl
volume following anesthesia with ketamine (100 mg/kg given by i.p. injection). Infection
under anesthesia (as opposed to application to non-narcotized animals) allows the
infectious fluid to penetrate deeper into the lungs, and fewer virus particles are required to
achieve a 50% lethal dose. Treatment regimens were based upon published results for
cidofovir [ 12, 23, 24], ribavirin [15], and HOE961 [16]. The single treatment regimen using
HDP-CDV was modeled after cidofovir. Treatments with HDP-CDV for 5 days was done
using the maximum tolerated dose of 10 mg/kg/day. Animals were individually weighed
every 2-3 days and deaths recorded for 21 days. There were 10 mice per group held for
death and 5 mice per group per day (when used) for virus titer determinations. Cidofovir,
HOE961, and ribavirin have previously been reported to be non-toxic at the doses and

regimens used. The toxicity of HDP-CDV will be addressed in this report. Uninfected
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toxicity control mice (5 per group) were used for assessing toxicity, with animals weighed
during and after the treatment period to assess drug tolerability.

Lung infection parameters were determined in a manner similar to those reported for
influenza virus [26] and vaccinia virus (WR strain) [23, 24] in groups of infected mice. On
days 1, 3 and 5 of the infection, lungs from sacrificed mice were collected, given a severity
score based upon lung discoloration ranging from 0 (normal) to 4 (100% of lung area
exhibiting a plum discoloration), weighed, and frozen for later virus titration. Other tissues
and whole blood (placed in 0.5 ml of cell culture medium and vortexed) were taken for
virus titer determinations. The samples were frozen at -80°C prior to homogenization and
titration. Virus titers from these samples were later determined by plaque assay in Vero
cells as described previously [23, 24].

Arterial oxygen saturation (SaOz) levels (a measure of lung function) were determined
on days 2-10 of the infection using a pulse oximetry method [27]. Animals dead on the
particular day of measurement were assigned an SaOz value of 75 for that day, since this

value was the lowest that we have observed in mice near death.

2.4. Statistical methods

Statistical comparisons were made of the drug-treated groups to the placebo control by
two-tailed analyses. The Fisher exact test was used to interpret differences in numbers of
survivors. Mean day of death, mean body weight area under the curve (for days 5 through
21 of the infection), mean tissue or blood virus titers, mean lung scores, mean lung weight

comparisons, and mean SaO; level differences were statistically analyzed by the Mann-



Whitney U-test. Calculations were made using the InStat computer program (GraphPad

Software, San Diego, CA, USA).

3. Results
3.1. Effect of cidofovir treatment on the infection

Mice were infected intranasally with the IHD strain of vaccinia virus and treated i.p. one
day later with cidofovir (100, 30, and 10 mg/kg) or placebo. Treatment with 100 and 30
mg/kg resulted in 100 and 90% survival, respectively, whereas the 10 mg/kg dose was not
protective (Table 1). A moderate 1.3 day increase in the mean day of death was observed in
the 10 mg/kg group. Lung and snout virus titers were assessed on day 3 of this
experiment. Statistically significant decreases in virus titers were seen in the 100 and 30
mg/kg groups. Lung and snout virus titers decreased 20- and 8-fold in the 100 mg/kg
group compared to placebo but only about 3-fold in the 30 mg/kg group. Very small
decreases in virus titers were seen in the 10 mg/kg group. Mean body weights that
accompany the study in Table 1 are presented in Figure 1A. Weight losses were evident in
all treated groups through day 7. After that time, animals in the 100 and 30 mg/kg groups
recovered from the infection and their weights increased steadily. The rates of weight gain
from day 10 onward were similar among treated and uninfected groups, since the lines
were parallel although the initial starting weights on day 10 differed. The area under the
curve from days 10 through 21 for the 100 mg/kg group differed significantly from that of
the 30 mg/kg group (P<0.03), indicating the mice fared better during the infection and

recovery phase.
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Arterial oxygen saturation (Sa0:) levels were assessed from the onset of the infection as
a measure of lung function (Figure 1B). Decreased SaO; levels were noted in the placebo
group on days 4 through 6. The 10 mg/kg treatment group showed parallel declines to the
placebo group starting approximately two days later. There was a large mouse-to-mouse
variation in Sa0; levels at each time point. A significant difference in SaO, values was
evident between placebo and the 30 mg/kg group on day 4, and between the placebo
compared to the 100, 30, and 10 mg/kg groups on days 5 and 6. By day 6 the placebo-
treated mice were all dead, and no further statistical comparison were made after that time.

The effects of cidofovir treatment on viral pathogenesis were studied on days 1, 3, and 5
of the infection in a separate experiment. Lung consolidation scores and lung weights were
dramatically elevated in the placebo group on day 5 (Figures 2A and 2B). All doses of the
compound significantly reduced these infection parameters, with 10 mg/kg showing the
weakest effect. Lung virus titers were approaching 107 plaque forming units per gram on
day 1 before the cidofovir treatment was given (Figure 2C); about 100-fold less virus was
present in the snout (Figure 2D). Cidofovir suppressed lung and snout virus titers in a
dose-dependent manner, with the 10 mg/kg dose being only marginally active.

A third experiment was conducted with cidofovir to determine the effects of treatment
on virus titers in various tissues and blood (Table 2). On day 5 of the infection (a day before
the onset of death of placebo-treated mice), high virus titers were found in lung, snout, and
spleen. Lower, but appreciable amounts of virus were recovered from blood, brain, heart,
kidney, liver, and salivary gland. The stomach and intestines had little or no virus present.

Cidofovir treatment effectively reduced virus titers in all of these tissues and blood. Lung
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and snout (the primary sites of infection) virus titers were reduced to a lesser extent than

were all of the secondary sites of infection, except brain.

3.2. Effect of oral HDP-CDV treatment on the infection

HDP-CDV was administered orally to mice one time only at 24 h after IHD virus
exposure (Table 3). Doses of 100, 50, or 25 mg/kg/day protected 80-100% of the mice from
mortality. The two mice that died in the 25 mg/kg group lived 10 days longer than placebo
control animals. Cidofovir at 100 mg/kg given by i.p. administration was run as a positive
control and protected 90% of the animals from death. Weight loss during the acute phase of
the infection (days 1-9) and weight gain during the recovery phase (days 10-21) are
presented in Figure 3A. The pattern of weight loss and recovery for the 100 and 50 mg/kg
doses were similar to the weight pattern resulting from cidofovir treatment, indicating
equal efficacy. Weight loss in the 25 mg/kg HDP-CDV treated mice was more severe than
in the other groups. After the acute phase of the infection had passed, the rate of weight
gain was rapid.

Doses of 10, 5, and 2.5 mg/kg/day of HDP-CDV were given for 5 consecutive days The
30% survival rate due to 10 and 5 mg/kg/day treatments were not statistically significant.
The mean days of death were significantly increased with the three dosages of compound
relative to the placebo control, although only minimally by treatment with the 2.5
mg/kg/day dose. Weight loss and gain patterns during the infection are presented in
Figure 3B. The degree of weight loss during the acute infection was as severe or more

severe as seen in the single dose 25 mg/kg group (Figure 3A). Weight gain following the



11
acute infection proceeded more slowly in the 5 mg/kg/day group than in the 10

mg/kg/day group indicating better efficacy at the higher dose.

Toxicity evaluations in uninfected mice revealed that HDP-CDV was more toxic than
cidofovir. In uninfected animals, single oral treatments with HDP-CDV at 25, 50, and 100
mg/kg resulted in weight changes of -0.4, -1.3, and -2.0 g over a 2-day period, respectively,
compared to a weight gain of 0.8 g in the placebo group and 0.8 g in the 100 mg/kg
cidofovir group. Daily oral doses of HDP-CDV for 5 days at 2.5, 5, and 10 mg/kg/day
resulted in weight changes over a 6-day period of +1.2, +0.7, and -0.7 g, compared to +0.8 g
in the placebo group. Thus, single doses (25, 50, and 100 mg/kg) and a daily dose (10
mg/kg/day) of HDP-CDV were not well tolerated by the mice, based upon weight loss.

Mice quickly regained weight after cessation of treatment, however.

3.3. Effect of HOE961 treatment on the infection

Oral treatments twice a day for 5 days with HOE961 at 100, 50, or 25 mg/kg/day
resulted in 100% survival from the ITHD virus infection in mice (Table 3). Animal weights
during the infection are shown in Figure 3C. The 100 mg/kg/day dose of HOE961 was
equal in efficacy to the 100 mg/kg i.p. dose of cidofovir. Each succeeding lower dose of
HOE961 was less protective to the animals, based upon extent of weight loss during the

acute infection and resulting time to regain the weight.

3.4. Effect of ribavirin treatment on the infection



12

Twice-daily oral ribavirin treatments of 100, 50, and 25 mg/kg/day were not protective
against the lethal infection (Table 3). The highest dose caused a slight delay in the time to
death. Weight losses during the infection were severe, as depicted in Figure 3D.

Ribavirin was also evaluated by i.p. route using 100 mg/kg/day for 5 days starting 24 h
after virus challenge. Several half-logio infecting virus doses were used ranging from 10° to
106 PFU /mouse. Doses below 1045 PFU/mouse were not lethal to placebo-treated animals.
Under none of the infection conditions where mice died was ribavirin able to protect
animals from death. Lung virus titers from mice sacrificed on day 5 of the infection were
reduced no more than four-fold (usually less) by ribavirin treatment, even when sub-lethal

infecting virus doses were given (data not shown).

4. Discussion

The vaccinia (IHD strain) respiratory infection model shares many features in common
with the vaccinia (WR strain) model reported previously [23,24]. Using comparable virus
challenge doses, lung and snout virus titers rose to high levels over a similar time course, as
did mean lung weights and lung consolidation scores. In the infection with the WR strain,
virus was found in the intestine, and was at a higher level in the blood and stomach than
with the IHD strain infection. Virus titers in the brain, heart, kidney, liver, lung, snout,
salivary gland, and spleen were very similar between WR and IHD strain infections. Both
infections induced rapid body weight loss, the animals died quickly after infection, and
measurable losses of lung function occurred (as determined by pulse oximetry). Aswas

indicated for the WR virus infection, even though there was virus detected in the brain
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following infection with the IHD strain, the animals did not exhibit symptoms (tremors,
limb paralysis, leaning to one side) that would suggest encephalitis as being the cause of
death.

The responses of mice to cidofovir treatment during infections caused by the WR and
IHD virus strains were similar, comparing these to previous results [23, 24]. In both
infections the 100 and 30 mg/kg doses administered one time only 24 h after virus exposure
resulted in 80-100% protection from mortality. Body weights in treated groups dropped
precipitously during both infections, and the survivors began to regain weight after a week
of illness. The extent of virus titer suppression due to drug treatment in lungs and snout
were about the same for both infections, as were effects on lung consolidation scores and
lung weights. Cidofovir treatment reduced virus titers in the lungs and snout (primary sites
of infection) to a lesser extent than it reduced virus in other tissues and blood (secondary
sites of infection) in the WR and IHD infection models. At the primary sites each virus
replicated for one day prior to exposure to the drug. The secondary sites had negligible
virus in them on day 1 when the drug was administered, hence cidofovir was presumably
present before the exposure of these areas to the virus. This could explain why virus
inhibition was greater in the secondary sites. The exception to this was the brain, where the
effect of cidofovir on virus titer reduction was less dramatic. Penetration of the drug into
the brain may have been less efficient than it was in other parts of the body.

In both infections, cidofovir treatment helped prevent the decline of arterial oxygen

saturation that occurred during the latter part of the infection in the placebo groups.
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The measurement of arterial oxygen saturation was found to be a useful parameter only
under conditions where high virus challenge doses were given. This applies to either the
WR or THD strain infection model. Mice receiving lower virus challenges did not exhibit
large increases in lung weight and lung consolidation scores, and their arterial oxygen
saturation remained near the normal range even though the animals died. This is because
in these models (and in the cowpox respiratory infection model), the cause of death does
not need to be pneumonitis. We have previously indicated that cowpox virus can be lethal
when administered by i.p. challenge, as are high doses of WR and IHD strains of vaccinia
virus [11]. There is toxemia associated with these poxvirus infections that leads to death in
the absence of pneumonitis. Because the vaccinia virus-infected mice died so rapidly, there
were few days in which to compare pulse oximetry measurements between the placebo and
drug-treated groups. In the present study, days 4 through 6 after virus exposure were
useful for statistically comparing SaO> measurements among treatment groups.

HDP-CDV proved to be effective orally in treating the IHD virus infection when given
as single treatments. Lower oral doses given over five days was found to be weakly
effective, however. Toxicity prevented using the compound at higher daily doses, and the
single high doses caused weight loss over a two-day period. The molecular weight of HDP-
CDV is almost exactly twice that of cidofovir, which means that the equivalent doses of
cidofovir delivered by treatment with HDP-CDV would be one-half of the mg/kg values
reported on the tables and in the text. HDP-CDV is more active and selective against
orthopoxviruses than cidofovir in cell culture, but exhibits greater cytotoxicity as well

because of the greater extent of cell uptake and coversion to CDV-diphosphate [25][A].
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Formal toxicity testing of HDP-CDV in animals will provide more definitive information
about mechanisms and significance of drug side effects.

We have conducted several other studies using HDP-CDV to treat infections caused by
the WR strain of vaccinia virus (unpublished). This has included experiments similar to
those reported in Table 3. We have also used a 20 mg/kg/day loading dose for 2 days
followed by lower doses for 3 more days. In each case, HDP-CDV was unable to prevent
death of the animals. Thus, there is a difference in the nature of the WR versus the [HD
virus infections, with the WR infection being more difficult to treat. It may possibly be
related to the WR strain being more neurovirulent than the IHD strain.

The antiviral activity of HOE961 in the IHD virus infection model was not surprising,
based upon its efficacy against cowpox virus infections in mice [16]. The advantage that this
compound and HDP-CDV may have is that they are orally active, whereas cidofovir
requires i.p. administration (or intravenous treatment of humans). HDP-CDV may not be
the most active of its type, however. A recent report indicates that octadecyloxyethyl-
cidofovir (ODE-cidofovir) may be more effective than HDP-CDV in treating orthopoxvirus
infections in animals [17]. In addition, several other ether lipid analogs are being evaluated
as potential oral therapies for orthopoxvirus infections in animal models of disease
(K.Y.Hostetler, unpublished, 2003).

The efficacy of ribavirin in the cowpox virus infection model [15] did not translate into
similar efficacy in the vaccinia virus model, even against sub-lethal infections.

Besides being beneficial against cowpox virus infections, the compound was also previously

shown to suppress vaccinia tail lesions in mice when given by i.p. route [28] and to be
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effective in treating vaccinia keratitis in rabbits by topical application [29]. Ribavirin
combined with vaccinia immunoglobulin helped to arrest progressive vaccinia in an
immunocompromised individual [5] in an uncontrolled trial. The potential of ribavirin as a
single agent in treating orthopoxvirus infections seems doubtful based upon the current
findings.

These studies support the utility of the vaccinia virus (IHD strain) infection model for
antiviral studies. It is a slightly less severe infection than that caused by the WR strain,
based upon differential efficacy patterns of HDP-CDV against these viral strains. From the
investigations with the IHD strain, it is concluded that parenterally-administered cidofovir
or orally administered HDP-CDV and HOE961 are effective in treatment of the infection.
Other orally active derivatives of cidofovir, such as ODE-cidofovir, should be studied in this

infection model.
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Figure 1. Effects of i.p. treatment with cidofovir on mean body weights (A) and on arterial
oxygen saturation (5a0O») levels (B) during a vaccinia virus (IHD strain) respiratory
infection in mice. Treatments were given one time only at 24 h after virus exposure.
Error bars indicate standard deviations (10 mice/group). Symbols: placebo (E);
cidofovir at 10 (H), 30 (B), or 100 (J) mg/kg; uninfected (G). *P<0.05, ** P<0.01,

o P<0.00],

Figure 2. Effects of i.p. treatment with cidofovir on mean lung scores (A), lung weights (B),
lung virus titers (C), and snout virus titers (D) during a vaccinia virus (IHD strain)
respiratory infection in mice. Treatments were given one time only at 24 h after virus
exposure. Error bars indicate standard deviations (5 mice/group). Virus titers are
expressed as PFU/g. Symbols: placebo (E); cidofovir at 10 (H), 30 (B), or 100 (J) mg/kg;

uninfected (G). *P<0.05, ** P<0.01, *** P<0.001.

Figure 3. Effects of treatment with compounds on mean body weights during a vaccinia
virus (IHD strain) respiratory infection in mice. All treatments started 24 h after virus
exposure. Symbols: Panel A = one oral treatment with HDP-CDV at 25 (F), 50 (H), or
100 (C) mg/kg; Panel B = oral treatments with HDP-CDV twice a day for 5 days at 2.5
(F), 5 (H), or 10 (C) mg/kg/day; Panels C and D = oral treatments with HOE961 and
ribavirin, respectively, twice a day for 5 days at 25 (F), 50 (H), or 100 (C) mg/kg/day;
oral placebo (E) and i.p. cidofovir at 100 mg/kg (J) given as single injections apply to all

figures.
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Abstract

Four newly synthesized alkoxyalkyl esters of cidofovir (CDV): hexadecyloxypropyl-
CDV (HDP-CDV), octadecyloxyethyl-CDV (ODE-CDV), oleyloxyproplyl-CDV (OLP-CDV)
and oleyloxyethyl-CDV (OLE-CDV), were found to have enhanced activities against vaccinia
and cowpox viruses in vitro. The compounds were administered orally and evaluated for efficacy
against lethal cowpox virus (CV) or vaccinia virus (VV) infections in mice. HDP-CDV, ODE-
CDV or OLE-CDV was effective at preventing mortality to CV when treatments were initiated 24
h post viral inoculation, but only HDP-CDV and ODE-CDV maintained efficacy when treatments
were initiated as late as 72 h. Oral pretreatment with HDP-CDV or ODE-CDV was also effective
when given 5, 3, or 1 day prior to virus inoculation with CV, even when administered as a single
dose. Both HDP-CDV or ODE-CDV were also effective against VV infections when
administered orally 24 or 48 h after infection. In animals treated with HDP-CDV or ODE-CDV,
virus titers in liver, spleen and kidney were reduced 3-7 log,, for both CV and VV. In contrast,
virus replication in lung was not significantly reduced. These data indicate that HDP-CDV or
ODE-CDV given orally is as effective as parenteral CDV for the treatment of experimental CV
and VV infections and suggests that the compounds may be useful for treatment of orthopoxvirus

infection in humans.

Introduction

Orthopoxvirus diseases continue to pose challenges to researchers preparing for a
bioterrorist release of biological weapons of mass destruction. Rapid diagnostics for smallpox and
development of effective antiviral chemotherapies are two essential components for national
preparedness (16,17). While cidofovir is well documented for its in vitro and in vivo activity
against orthopoxviruses (3, 4, 8, 9, 15, 18, 20-24), its usefulness is limited by the requirement for
intravenous administration and the associated nephrotoxicity (14). Orally active compounds with
prolonged therapeutic blood levels and reduced toxicity would proirc to be optimal for mass
distribution in response to an actual release of smallpox.

Results from earlier studies using acyclovir and ganciclovir showed that alkoxyalkyl
esters of the monophosphates of ganciclovir or acyclovir had improved oral bioavailability
compared to the unmodified parent compounds and were effective against cytomegalovirus and
herpes simplex virus infections (13). To improve oral bioavailability of CDV, a novel series of
analogs of CDV were synthesized by esterification with long-chain alkoxyalkanols.
Hexadecyloxypropyl-CDV (HDP-CDV), and octadecyloxyethyl-CDV (ODE-CDV) were



synthesized and evaluated in vitro for efficacy against cowpox and vaccinia virus infections. As
previously reported, HDP-CDV had ECs, values of 0.52 and 0.62 uM against CV or VV,
respectively, compared to CDV ECs, values of 42 or 31 uM. ODE-CDV also had significantly
lower ECs values 0f 0.23 or 0.21 uM against CV or VV (15). Although in vitro the analogs
proved to be more cytotoxic than the parent compound, CDV, their enhanced activity and
selectivity indices suggested that these analogues needed to be evaluated for their oral efficacy in
animal models of orthopoxvirus disease in view of a recent report that the relative oral
bioavailability of HDP-CDV, ODE-CDV and OLP-CDV ranges from 88 to 97% (6) versus <5%
for oral cidofovir (25).

The purpose of the studies reported here was to determine the comparative efficacy of
parenteral CDV with oral HDP-CDV, ODE-CDV, OLE-CDV or OLP-CDV on lethal CV and VV
infections in mice. Since we have reported previously that CDV is highly active in these models
when given as single or multiple doses either prior to or after infection, similar studies were
carried out with these analogs. In addition, we also determined the effect of oral treatment with

HDP-CDV or ODE-CDV on the replication of CV or VV in important target organs.

Materials and Methods

In Vitro Efficacy and Toxicity

The activity and toxicity of the four alkoxyalkyl analogs in vitro were determined in

human foreskin fibroblast cells using methods described previously (15).
Virus

Cowpox virus, strain Brighton, was kindly provided by John W. Huggins, Ph.D. (U.S. Army
Medical Research Institute of Infectious Disease, Frederick, MD.). Vaccinia virus, strain WR,

was obtained from American Type Tissue Collection, Washington, DC.
Mice

Female BALB/c mice, 3 weeks of age were obtained commercially (Charles River
Laboratories, Raleigh, NC and Wilmington, VA., respectively). Mice were group housed in
microisolator cages and utilized at a quantity of 15 mice per treatment group for statistical
analysis. Mice were obtained, housed, utilized and euthanized according to USDA and AAALAC
regulatory policies. ~All animal procedures were approved by University of Alabama at

Birmingham, Institutional Animal Care and Use Committee prior to initiation of studies.



Antiviral Compounds

Cidofovir (Vistide®, Gilead Pharmaceuticals, Foster City, CA) was diluted in sterile saline
to yield the desired dosages within a 0.1 ml volume. It was administered intraperitoneally (i.p.)
once daily for 5 days, or 1 to 2 times weekly for periods of 7 days, or as a single dose depending
on the experimental protocol. HDP-CDV and ODE-CDV were synthesized, purified and
characterized as reported previously (2, 15) and provided as dry powders. OLP-CDV and OLE-
CDV were synthesized by the same method using oleyl bromide instead of hexadecyl bromide or
octadecyl bromide (2,15). The degree of purity was similar to that reported for HDP-CDV and
ODE-CDV. The synthesis, purification and analytical data for these two compounds will be
reported elsewhere (W.B. Wan, personal communication, 2003).  Structures of the respective

compounds is shown in Figure 1.

The dry powders were weighed and dissolved in deionized water to yield the desired dosages
within a 0.2 ml volume for oral gavage. Each was administered orally once as a single dose, twice
weekly or daily up to 5 days, depending on the experimental protocol. Uninfected mice served as

toxicity controls for each compound and were treated similarly.

Experimental Infections And Viral Pathogenesis

Infections were initiated by intranasal inoculation of anesthetized (ketamine-xylazine)
BALB/c mice (18). CV-BR (5.3 - 9 x 10° pfu/animal) or VV-WR (1 x 10* pfu/animal) was
instilled using a micropipetor and a total volume of 40 pl per animal. Samples of lung, liver,
kidney and spleen were obtained from 3 mice per treatment group as described previously (19) on
Days 1, 3, 5,7, 10, 12 or 15 following CV-BR or VV-WR infections. Samples were homogenized

in media (10% wt/vol) and frozen at -70° C until analyzed for virus titer.

Virus Quantitation

Samples were thawed and assayed on Vero cells using an agarose overlay plaque assay to
determine CV-BR titers (15, 18). Briefly, samples of organ homogenates were diluted serially and
a 0.2 ml volume was placed into each of 12-wells of Vero cell monolayers and incubated 1 h. A
0.5% agar in minimal essential medium (MEM) (SeaKem®, ME agarose, FMC BioProducts,
Rockland, MD) solution was added to each well and the cultures were incubated for 3 days.
Cultures were stained with neutral red (Gibco, Rockland, MD.) for approximately 6 h prior to

enumeration of viral plaques.

Statistical Evaluati



Mortality rates were analyzed by Fisher’s exact test and mean day of death and virus titers in

tissues using Mann-Whitney U rank sum test. A p value < 0.05 was considered significant.

Results

In vitro activity of ether lipid analogs of CDV

We have previously reported that HDP-CDV and ODE-CDV were about 50-200 fold
more active than CDV against CV and VV in HFF cells (15). For comparison purposes, these
results along with those for CDV are included with OLE-CDV and OLP-CDV in Table 1. The
ECs, for OLP-CDV was 0.4 uM for CV and VV, whereas the two viruses were inhibited by 50%
by only 0.06 and 0.07 uM of OLE-CDV, respectively. All four of the analogs were approximately
50 — 500 fold more active against CV and VV than unmodified CDV.

Activity of HDP-CDV, ODE-CDV, OLP-CDV or OLE-CDV in CV infections of mice

Compounds were prepared in deionized water at 20, 6.7 or2 mg/kg dosages and
administered once daily for 5 consecutive days by oral gavage to infected mice beginning 24, 48
or 72 h post viral inoculation. CDV was administered i.p. in similar doses for comparison,
although it should be noted that the molecular weight of CDV is roughly 50% of that of the ether
lipid conjugates of CDV. Toxicity was associated with the 20 mg/kg dose of HDP-CDV, ODE-
CDV, OLP-CDV or OLE-CDV and some mortality and weight loss was observed (data not
shown). At the nontoxic 6.7 mg/kg dose, each compound significantly reduced final mortality
(p<0.01) at one or more time points (Table 2). Both HDP-CDV and ODE-CDV significantly
reduced mortality rates when treatment was initiated as late as 72 h post viral inoculation.
Treatment with the 2 mg/kg dose with all four analogs was ineffective. Treatment with CDV
resulted in significant protection from mortality with all dosages at all time points with the

exception of the lowest dose administered, 2 mg/kg, at 48 or 72 h (data not shown).

Activity of HDP-CDV, ODE-CDV, OLP-CDV or ODE-CDV in VV infections of mice

Compounds were prepared in deionized water at dosages of 10, 5 or 2.5 mg/kg and
administered once daily for five consecutive days by oral gavage to infected mice beginning 24,
48 or 72 hr post viral inoculation. CDV was administered i.p. in similar doses for comparison. At
5 mg/kg, HDP-CDV, ODE-CDV or OLE-CDV significantly reduced final mortality rates
(p<0.01) at 24 or 48 hr post inoculation (Table 3). None of the compounds exhibited activity

when treatments were initiated 72 hr post inoculation. The positive control, CDV, was effective at



all dosages and all time points with the exception of the lowest dosage administered, 2.5 mg/kg,

given at 72 hr post inoculation (data not shown).

Effect of Pretreatment with HDP-CDV or ODE-CDV on CV infections of mice

We have reported previously that CDV can protect mice infected with CV or VV when
given as early as 5 days prior to infection (18). HDP-CDV and ODE-CDV were also evaluated
for their prophylactic activity by treating mice by oral gavage with 10 or 5 mg/kg or 5 or 2.5
mg/kg, respectively, beginning 5, 3 or 1 day prior to viral inoculation. For comparison, CDV was
given i.p. at 10 or 5 mg/kg. Groups treated beginning 5 days prior to infection were dosed once
daily for 5 consecutive days up to Day 0 which was the day of viral inoculation. Groups
beginning 3 days prior to infection received a total of 3 daily doses prior to the day of infection
and groups beginning 1 day received only a single dose 24 hours prior to viral inoculation. The
results in Table 4 indicated that HDP-CDV and ODE-CDV, as well as, CDV, were highly

protective against mortality due to CV infection when given one to five days prior to infection.

Effect of Single Dose Treatment with HDP-CDV or ODE-CDV on CV-BR Infections of mice

CDV has also been reported by us and others to significantly reduce mortality of CV or
VV infected mice with only one or two doses due to the long intracellular half-life of this drug (3,
18, 20). In a similar study, we gave HDP-CDV as a single dose of 25 or 12.5 mg/kg or ODE-
CDV 20 or 10 mg/kg on Days -5, -3, -1, +1 or +3 prior to or after i.n. CV inoculation and all
regimens used provided significant protection from mortality at all time points with both
compounds (Table 5). In addition, CDV at 30 mg/kg given as a single dose i.p. was also

protective.

Effect of HDP-CDV or ODE-CDYV on the Pathogenesis of CV-BR and VV-WR Infections of

mice

To determine the effect of treatment with HDP-CDV or ODE-CDV on the replication of
CV in target organs of mice, animals were inoculated with CV and treated orally with 5 mg/kg of
HDP-CDV or ODE-CDV once daily for 5 days beginning 24 h after infection. On various days
post infection, animals were euthanized, tissues removed and assayed for CV. All of the
treatment regimens resulted in a significant reduction in mortality, and a 3-5 log;, decrease in
virus titers in liver, spleen and kidney. However, there were no alterations in virus titers in lung.

Similar results were observed with CDV given i.p. (Figure 2).



In order to determine the effect of these compounds on replication of VV in tissues,
HDP-CDV or ODE-CDV was given at 5 mg/kg once daily for 5 days beginning 24 hours post
viral inoculation. Both HDP-CDV and ODE-CDV reduced viral replication by > 2 logs in liver,
spleen and kidney of VV infected mice (Figure 3). As with CV, lung titers remained unaffected
although all treated mice survived.

Since CV is only moderately sensitive to the action of CDV, we postulated that higher
doses of the drugs might be necessary to reduce viral titers in the lung. The levels of HDP-CDV
and ODE-CDV in lung are 43 and 28 times lower than those found in liver and 5.8 and 4.8 times
lower than found in kidney where antiviral effects were demonstrated (Ciesla, 2003). To test this
hypothesis, we utilized higher doses of HDP-CDV or ODE-CDV given twice weekly and
determined the effect on viral titers in the same target organs. The results of this experiment are
shown in Figure 4. When HDP-CDV or ODE-CDV was given at 30 mg/kg on day 1 and 5 post
viral inoculation, treatment reduced viral replication by > 2.5 log, in liver, spleen and kidney of
CV infected mice. There was a 1-2 log;, reduction in CV titers in lung tissue on Days 3 and 5
after treatment with HDP-CDV or ODE-CDV at 30 mg/kg which was suggestive of a small dose
response and indicated a correlation between drug levels in lung and effect on viral replication.

Discussion

Cidofovir has been reported to be highly effective against orthopoxvirus infection in vitro
and in murine models of cowpox and vaccinia virus infections (3, 4, 8, 9, 15, 18, 20-24) and is
currently the drug of choice for treatment of potential outbreaks of smallpox, monkeypox, and
vaccination complications. Although it has good activity in experimental systems, its usefulness
in humans is limited by its nephrotoxicity and lack of oral activity. A number of approaches have
been taken to enhance the oral activity nucleosides and nucleotides, including the synthesis of
prodrugs, as was done for acyclovir (V altrex®), ganciclovir (Valcyte®) penciclovir (Famvir®),
tenofovir (Viread®) and adefovir (Preveon®), or conjugation to various lipid molecules to
facilitate oral absorption (11-13) or the current report regarding synthesis of ether lipid esters of
current antiviral agents. We found previously that alkylglycerol phosphate or alkoxypropyl
phosphate esters of acyclovir and ganciclovir had greater oral bioavailability in rodents and were
active orally in animal models of herpes simplex virus, murine cytomegalovirus and woodchuck
hepatitis virus infections (12, 13).

To obtain better oral bioavailability with CDV, similar methodology was utilized to
produce HDP-CDV or HDP-cCDV (2, 15). A comparison of the activity against vaccinia and
cowpox viruses between the parent nucleotides, CDV, cCDV and the alkoxyalky] ester analogs
indicated that while it required 25 — 50 pM of CDV or ¢cCDV to inhibit the replication of the four



orthopoxviruses tested, while HDP-CDV and HDP-cCDV analogs were active at levels 50- to
200-fold less than the parent molecules (15). Although cytotoxicity of the analogs was increased,
the selectivity index of HDP-CDV or HDP-cCDV was increased considerably over that of the
parent compounds (15). HDP-CDV, ODE-CDV and OLP-CDV are highly absorbed when given
orally to mice resulting in plasma levels which would be well above inhibitory levels required for
in vitro replication of orthopoxviruses (6). It was further demonstrated that the analog HDP-[2-
"C]CDV has a greater than 11-23 fold increase in cellular uptake over that of -[2-“C]CDV and
that the intracellular levels of CDV-diphosphate, the active antiviral agent, were 100 times greater
than observed with CDV (1). This enhanced uptake and conversion to the antiviral diphosphate
appear to be responsible for the significant enhancement in activity seen with both
orthopoxviruses (15) and herpesvirus infections in vitro (2).

As part of the current studies, two additional ether lipid conjugates, OLE-CDV and OLP-
CDV were compared with CDV in vitro and both were more active than either HDP-CDV or
ODE-CDV. In animal studies, oral bioavailability and antiviral efficacy of all 4 analogs was
demonstrated. The antiviral activity of HDP-CDV, ODE-CDV or OLE-CDV against CV and VV
was effective at nontoxic dosages and treatment could be delayed until 48-72 h post infection and
still alter mortality rates. Based on the initial experiments evaluating the 4 compounds against
mortality due to CV or VV, and the PK profile of HDP-CDV, the analogs HDP-CDV and ODE-
CDV were selected for further evaluations. In all experiments, both of the orally active analogs
were at least as effective in reducing mortality and viral replication in target organs as parenteral
CDV. In addition, both were active either prophylactically or therapeutically as previously
described with CDV (18).

It is interesting that even though HDP-CDV and ODE-CDV were significantly more
active than CDV against both viruses in vitro, they were equally effective in reducing viral
replication in the liver, spleen and kidney, but no more effective than CDV in reducing
replication in the lung. In contrast to levels of compound with oral HDP-CDV, drug levels in lung
are much lower after parenteral administration of CDV and the majority of drug is found in
kidneys with significant amounts in liver (6). Conversely, HDP-CDV and ODE-CDV when
given orally are present at much higher levels in liver than the kidney and should maintain
therapeutic tissue levels with less nephrotoxicity. In a study by Bray et. al., CDV given
subcutaneously at 100 mg/kg significantly reduced virus titers in lung (4). When Smee et. al.
administered CDV directly to the site of inoculation via aerosol or intranasal instillation, lung
titers were also significantly reduced (22). It should be pointed out, however, that in these murine

models infection of the lung may not be a critical part of the pathogenesis as treated animals do



survive with high levels of virus in the lung. Finally, although the C,,, levels of total drug were
higher in lung with oral HDP-CDV and ODE-CDV than with parenteral CDV, 1.2 versus 0.4
nmol/gm, (6), the levels of the key metabolite, CDV-diphosphate, have not been measured in lung
tissue.

- A correlation between in vitro and in vivo efficacy is further demonstrated by the
observation that murine CMV is greater than 100-fold more sensitive to CDV and 40,000 fold
more sensitive to the CDV analogs than CV and VV (2, 15). Treatment of MCMYV infections with
CDV, HDP-CDV or ODE-CDV is highly effective in reducing viral replication in all tissues
including the lungs of treated animals (Kern, E.R., Hartline, C., Bidanset, D., Quenelle, D.C.,
Beadle, J.R., and Hostetler, K.Y. 2003. Enhanced activity of orally active alkoxyalkyl esters of
cidofovir against experimental cytomegalovirus infections. Abstracts of 9* International
Cytomegalovirus Workshop, Abstract H.05, May 20-25, Maastricht, The Netherlands). Therefore
it appears that in vitro sensitivity and blood and tissue levels of drug are important determinates
of antiviral efficacy and may be variable in different tissues depending on the uptake and

conversion of the drug to the active metabolite.

HDP-CDV and ODE-CDYV are both orally bioavailable, have high antiviral efficacy,
persist in tissues for a relatively long period of time (6). The present results comparing i.p. CDV
and oral HDP-CDV and ODE-CDV show that these compounds when given orally and are at
least equivalent to CDV given parenterally. Our results are consistent with pharmacokinetic data
- indicating that oral bioavailability and persistence in tissues of up to 72 hours after oral
administration of HDP-CDV, ODE-CDV and OLP-CDV and persistence of therapeutic drug
levels in critical organs of lung, liver, kidney and skin after a single oral dose of 10 mg/kg. This
translates into oral dosing once or twice weekly instead of daily dosing. Since kidney exposure is
reported to be low with oral HDP-CDV or ODE-CDV, one would anticipate reduced nephrotoxic
adverse events. These orally active compounds, HDP-CDV and ODE-CDV, are at least
equivalent to i.p. CDV in these studies and should be effective when used for prophylaxis, post-
exposure prophylaxis or treatment for smallpox and other orthopoxviruses including monkeypox
which has become a problem due to unexpected outbreaks and increasing incidences of natural

transmission (5, 10).
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Table 1: Efficacy and Cytotoxicity of Alkoxyalkyl Esters of CDV
Cowpox Brighton

Vaccinia Copenhagen

Compound ECs” CCso"  Selectivity  ECsp" CCsy"®  Selectivity
(nM) (uM)  Index’ (M) (M) Index”
CDV 31£5.4  >317+0 >10 42454  >317+0 >7.5
OLP-CDV  0.4+0.2 87£15 218 0.6+0.3 87+15 145
OLE-CDV  0.06£0.02  56+29 933 0.07£0.02  56+29 800
HDP-CDV®  0.8+0.4 31424 37 0.6+0.3 31+24 53
ODE-CDV®  0.2+0.1 14 65 0.3+0.3 14 49

a.Values are the mean of 2 or more assays = standard deviation’

b. Selectivity Index (SI) = CCsq /ECs.
¢. From Kern et al AAC, 2002, 46:991-995.
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Table 2: Effect of Oral Treatment with HDP-CDV, ODE-CDV, OLE-CDV, or OLP-
CDV on Mortality of BALB/c Mice Inoculated Intranasally with Cowpox-BR Virus

Mortality
Treatment® Number Percent P-value MDD" P-value
Placebo
Saline +24 h 15/15 100 -— 9.7 -—-
CDhV
6.7 mg/kg+24 h 0/15 0 <0.001 s s
6.7 mg/kg +48 h 0/15 0 <(0.001 —— -—-
6.7 mg/kg+72 h 5/15 33 <0.001 132 <0.01
Placebo
Water +24 h 15/15 100 -— 9.3 -—
HDP-CDV
6.7 mg/kg +24 h 6/15 40 0.001 9.5 NS°
6.7 mg/kg +48 h 12/14 86 NS 10.5 NS
6.7 mg/kg +72 h 7/15 47 <0.01 12.9 <0.001
ODE-CDV
6.7 mg/kg +24 h 3/13 23 <0.001 9.3 NS
6.7 mg/kg +48 h 6/14 43 <0.01 12.7 0.01
6.7 mg/kg +72 h 7/13 54 0.02 11.6 0.07
OLP-CDV
6.7 mg/kg +24 h 12/14 86 NS 114 <0.01
6.7 mg/kg +48 h 4/14 29 <0.001 12.5 0.09
6.7 mg/kg+72 h 12/14 86 NS 10.3 0.02
OLE-CDV
6.7 mg/kg +24 h 8/15 53 <0.01 13.0 NS
6.7 mg/kg +48 h 5/15 33 <0.001 12.0 <0.001
6.7 mg/kg +72 h 11/14 79 NS 1.5 0.02

a. Test compounds were prepared daily in water and delivered orally in 0.2 ml doses except CDV which
was prepared in sterile saline and delivered ip. in 0.1 ml doses. Animals were treated once daily for 5 days
beginning 24, 48 or 72 h post viral inoculation.

b. MDD = Mean Day of Death,

c. NS = Not significant when compared to the placebo control.
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Table 3: Effect of Oral Treatment with HDP-CDV, ODE-CDV, OLE-CDV, or OLP-
CDV on Mortality of BALB/c Mice Inoculated Intranasally with Vaccinia-WR

Virus

Mortality
Treatment® Number Percent P-value MDD® P-value
Placebo
Saline +24 h 15/15 100 e 6.8 -—
CDhV
5 mg/kg+24 h 0/15 0 <0.001 EE s
5mg/kg +48 h 4/15 27 <0.001 7.8 0.01
5 mg/kg+72 h 0/15 0 <0.001 - -
Placebo
Water +24 h 15/15 100 -—- 0.8 -—
HDP-CDV
5 mg/kg +24 h 2/14 13 <0.001 11.0 <0.05
5mg/kg+48h 10/15 67 <0.05 8.0 <0.01
5mgkg+72h 14/15 93 NS¢ 7.4 0.07
ODE-CDV
5 mg/kg +24 h 0/15 0 <0.001 i =
5 mg/kg +48 h 6/15 40 0.001 8.0 0.06
5 mg/kg +72 h 15/15 100 NS 7.3 <0.01
OLP-CDV
5 mg/kg +24 h 11/15 73 NS 9.6 <0.001
5 mg/kg +48 h 12/15 80 NS 7.3 <0.01
S5mgkg+72h 15/15 100 NS 7.0 <0.05
OLE-CDV
5 mg/kg +24 h 4/15 27 <0.001 7.5 NS
5 mg/kg +48 h 9/15 60 <0.05 7.4 <0.01
5mg/kg+72 h 14/14 100 NS 6.5 NS

a.. Test compounds were prepared in water and delivered orally in 0.2 ml doses. CDV was prepared in
sterile saline and was delivered ip. in 0.1 ml doses. Animals were treated once daily for 5 days beginning
24, 48 or 72 h post viral inoculation.

b. MDD = Mean Day of Death.

c. NS = Not significant when compared to the placebo control.
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Table 4: Effect of Pre-Infection Oral Treatments with HDP-CDV or ODE-CDV on
Mortality of BALB/c Mice Inoculated Intranasally with Cowpox-BR Virus

Mortality
Treatment® Number Percent P-value MDD® P-value
Placebo
Deionized H20 Day-5 15/15 100 --- 10.1 -
Day -5
CDV 10 mg/kg 1/15 7 <0.001 12.0 0.09
CDV 5 mg/kg 1/15 7 <0.001 17.0 0.07
HDP 10 mg/kg 0/15 0 <0.001 - -
HDP 5 mg/kg 0/15 0 <0.001
ODE 5 mg/kg 3/15 20 <0.001 5.7 NS°©
ODE 2.5 mg/kg 5/13 38 <0.001 8.6 NS
Day -3
CDV 10 mg/kg 2/15 13 <0.001 9.0 NS
CDV 5 mg/kg 6/15 40 <0.01 11.0 0.05
HDP 10 mg/kg 5/14 36 <0.001 9.6 NS
HDP 5 mg/kg 3/13 23 <0.001 15.0 <0.01
ODE 5 mg/kg 2/15 13 <0.001 11.0 0.07
ODE 2.5 mg/kg 1/15 7 <0.001 13.0 0.07
Day -1
CDV 10 mg/kg 1/15 ¥ <0.001 12.0 0.09
CDV 5 mg/kg 5/15 33 <0.001 11.4 0.06
HDP 10 mg/kg 4/14 29 <0.001 9.3 NS
HDP 5 mg/kg 6/15 40 <0.01 10.7 0.06
ODE 5 mg/kg 0/14 0 <0.001
ODE 2.5 mg/kg 4/15 27 <0.001 HS <0.05

a CDV was prepared in sterile saline and delivered ip. in 0.1 ml doses. HDP-CDV and ODE-CDV were
prepared in deionized water and delivered p.o. in 0.2 ml doses. Animals were treated once daily beginning
Day -5, -3, or -1 through Day 0, or viral inoculation day.

b MDD = Mean Day of Death.

¢ NS = Not significant when compared to the placebo control.
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Abstract

Cidofovir (CDV) is a highly effective inhibitor of orthopoxvirus replication, and may be used intravenously
to treat smallpox or complications arising from the smallpox vaccine under an investigational new drug application
(IND). However, CDV is absorbed poorly following oral administration and is inactive orally. To improve the bio-
availability of CDV, others synthesized alkoxyalkanol esters of CDV and observed >100 fold more activity than
unmodified CDV against cowpox, vaccinia, and variola virus replication. These ether lipid analogs of CDV have
high oral bioavailablity in mice. In this study, we compared the oral activity of CDV with the hexadecyloxpropyl-,
octadecyloxyethyl-, oleyloxypropyl- and oleyloxyethyl- esters of CDV in a lethal, aerosol ectromelia virus challenge
model in A/NCR mice. Octadecyloxyethyl-CDV appeared to be the most potent CDV analog as a dose regimen of
Smg/kg started 4 hours following challenge completely blocked virus replication in spleen and liver, and protected
100 % of A/NCR mice, while oral, unmodified CDV was inactive. These results suggest this family of compounds

deserves further evaluation as poxvirus antivirals.



Introduction

With the heightened potential for bioterrorism there is aneed for an efficacious antiviral for the treatment of
smallpox or human monkeypox, and the complications that arise from the smallpox vaccine. Cidofovir (CDV)is
effective against a wide-range of DNA virus and retrovirus infections probably by interfering with viral DNA
synthesis (De Clercq, 1998). CDV was first shown active in vifro against vaccinia virus (VACV) by De C lercq and
coworkers (De Clercq et al., 1987), while others demonstrated 50% effective concentrati on (ECsp) values in the 10-
50 uM range against a number of other orthopoxviruses including variola virus (VARV), monkeypox virus and
cowpox virus (CPXV) (Kern et al., 2003). Furthermore, parenterally administered CDV was active against lethal
VACV and CPXYV infections in mice (Neyts & De Clercq, 1993;Bray et al., 2000;Smee et al., 2001), but was poorly
absorbed when administered orally (Wachsman et al., 1996). Oral bioavailability is a desirable property of drugs
proposed for emergency use in an outbreak of smallpox or monkeypox. Previous studies by Hostetler ef al showed
that derivatization of acyclovir with 1-O-hexadecyl-glycero-3-phosphate provided a compound which was 100%
orally bioavailable in mice (Hostetler et al., 1997). Using this approach several ether lipid esters of CDV and cyclic
CDV were synthesized and tested in vitro against VACV and CPXV (Kem et al., 2002). The hexa-decyloxypropyl-
(HDP) and octa-decyloxyethyl- (ODE) esters of CDV had ECs values of 0.2-1.1 and 0.1-0.4 pM, respectively,
against five strains of VACV versus 10.1-46.2 uM for CDV; however, no in vivo experiments have yet been
reported. In this study, we evaluate the antiviral activity of this class of compounds in vitro and in vivo against a
natural mouse pathogen, ectromelia virus (ECTV), the causative agent of mousepox (Buller & Palumbo, 1991).
Natural infections with ECTV occur through microscopic abrasions, which allow access of the virus to the
epidermal or dermal layers of the cornified mouse skin. ECTV replicates locally at the site of infection, and
reaches internal organs via the afferent lymphatics, draining lymph node, and bloodstream (primary viremia).
Extensive replication in major organs especially spleen and liver results in detection of virus in blood by4or5

days p.1. (secondary viremia). Virus replication in skin produces the typical exanthem, which can be seen as



early as 6 days p.i., and is dependent on the mouse strain. Virus is transmitted from the primary and secondary
lesions. With the A/NCR strain of mouse used in this study, death is observed 7 to 10 days p.i. prior to the
development of an exanthem, and is a consequence of extensive liver necrosis. The mousepox model differs
from smallpox in the short course of disease, and severe pulmonary pneumonia associated with local replication
following an aerosol infection. The major advantage of using ECTV for the evaluation of antiviral compounds
lies in its severe disease course in adult, immunocompetent mice, which results in uniform mortality and LDs,

values of less 1 PFU by the footpad route of infection (Buller & Palumbo, 1991; Chen et al., 1992).

Results

In vitro sensitivity of ectromelia virus to alkoxyalkyl esters of cidofovir

A series of analogs of CDV were synthesized having alkoxyalkanols of varying structure as shown in Fig. 1.
(Beadle et al., 2002). As a first step in testing these compounds in an ECTV mouse model, we determined their
ECsg values in a CV-1 cell plaque reduction assay with VACV strain WR (VACV-WR), ECTV, and a second pool
of ECTV prepared with an ECTV recombinant expressing murine IL-4. VACV-WR was included as its sensitivity
to CDV and analogs had previously been reported. The ECs, for HDP-CDV, ODE-CDV, oleyloxyethyl-CDV (OLE-
CDV) and oleyloxypropyl-CDV (OLP-CDV) against the two distinct pools of ECTV were 0.2 to 1.1 uM, which
represented a 11 and 60-fold enhanced antiviral activity as compared to CDV (Table 1). The tested compounds had

similar ECsj values against ECTV and VACV-WR.



Efficacy of four alkoxyalkyl esters of cidofovir in an ectromelia virus aerosol challenge model

Because ECTV has a LDsg of less than 1 PFU in the A/NCR strain of mouse following footpad inoculation,
this strain was chosen to evaluate the efficacy of CDV analogs (Chen et al., 1992). Preliminary experiments
demonstrated that adult A/NCR mice were also highly sensitive by the aerosol route. Doses of 20,000, 1,000, 63,
and 6 PFU per mouse gave mean time to death (MTD) values of 8.1, 9.3, 10.2 and 14 days, respectively. The
calculated LDsg value was 32 PFU. For comparison, the commonly used CPXV mouse model required an aerosol
exposure dose of 5 x 10° PFU of CPXV to obtain 100% mortality with ~ 3 week old BALB/c mice, and lowering the
exposure dose to 5 x 10° PFU caused only transient, mild illness and weight loss, but no deaths (Bray et al., 2000).
Thus the ECTV aerosol model provides a much greater dynamic range for evaluating antivirals. One can choose a
low lethal dose of 100 PFU, which is ~3-fold greater than the LDs, or use a high dose of 1000 to 10,000 times the

LDs to fully test the robustness of the antiviral.

The goal of our initial in vivo assessment was to select the two best compounds for a more in depth analysis.
A 3 mg/kg dose was chosen for the evaluation as preliminary studies suggested this dose would permit
discrimination among the activities of closely related compounds. This drug dose was not toxic as the maximal
tolerated dose for HDP-CDV was >30 mg/kg and >10 mg/kg for ODE-, OLP- and OLE-CDV when administered as
five consecutive daily doses to uninfected mice. A/NCR mice were treated by gavage with 3 mg/kg of test
compounds, exposed to an aerosol dose of 1.7 x 10° PFU of ECTV, and were monitored for mortality, day of death,
and lung, spleen and liver infectivity levels (Table 2). As expected from its low bioavailability, CDV failed to
protect any mice from a lethal infection, and gave the shortest MTD (9.843.5 days) of any of the compounds. ODE-
CDV showed the greatest promise among the tested compounds as only 10% of the treated mice died following
aerosol challenge, significantly lower virus titers were detected in spleen tissue as compared to the other compounds,

and no detectable virus infectivity was found in liver tissue. Careful examination of the survival percentages, MTD



values, and virus titers in tissues indicated that HDP-CDV, OLP-CDV, and OLE-CDV had similar activities.
Because the double bond contained in the lipid moiety of OLP-CDV and OLE-CDV could potentially affect long-

term drug stability, and since these compounds were not demonstrably better than HDP-CDV, we chose not to study

them further in vivo.

Dose response evaluation of HDP-CDV and ODE-CDYV in an ectromelia virus aerosol challenge model

Groups of A/NCR mice were treated by gavage with 10, 5, 2.5, or 1.25 mg/kg of CDV, HDP-CDV, or ODE-
CDV, exposed to an aerosol dose of 2.3 x 10* PFU of ECTV, and monitored for mortality, day of death, and lung,
spleen and liver infectivity levels (Fig. 2). As expected, oral CDV failed to provide any protection against a lethal
ECTYV infection over the range of doses tested. ODE-CDV was clearly more potent than HDP-CDV for protection
against a lethal aerosol ECTV challenge as it protected more mice against death at the lower doses (5, 2.5, and 1.25
mg/kg), and also extended the MTD values (Fig. 2, Panel A). Virus titers in lung tissue of HDP-CDV and ODE-
CDV treated mice were similar at all tested doses, and only differed significantly from phosphate buffered saline or
CDV-treated mice at the 10mg/kg dose (Fig. 2, panel B). Virus titers in spleen tissue of HDP-CDV and ODE-CDV
treated mice differed significantly from phosphate buffered saline or CDV-treated mice at all tested doses (Fig. 2,
panel C). Although the mean virus titers in spleen tissue of HDP-CDV and ODE-CDV treated mice were similar at
doses of 1.25 and 2.5 mg/kg, 3 ODE-treated mice lacked detectable virus infectivity as compared to none for the
HDP-CDV treated mice. The greatest difference in tissue virus infectivity between HDP-CDV and ODE-CDV
treated mice was observed in the liver, which shows severe pathology in fatal cases of mousepox (Buller &
Palumbo, 1991). At the lowest drug dose employed (1.25 mg/kg), virus titers in liver were almost 100-fold lower in
ODE-CDV treated mice as compared to the HDP-CDV treatment group (Fig. 2, panel D). In addition, two ODE-
CDV treated mice lacked detectable virus infectivity. The apparent difference in liver titers between HDP-CDV and
ODE-CDV treated mice at 2.5 mg/kg is not considered significant as each data point contained only one mouse with

the remaining 4 mice of each group lacking detectable virus infectivity. When surviving animals were sacrificed at



21 days post-infection at the completion of the experiment, no residual virus infectivity was detected in spleens and

livers (data not shown).

Discussion

CDV (Vistide®) is licensed for intravenous use in the treatment of human cytomegalovirus retinitis (HCMV)
in HIV-infected patients, and is the subject of a treatment IND for smallpox and complications arising from the
smallpox vaccine. It also has broad spectrum antiviral activity against a wide-range of DNA virus and retrovirus
infections, but oral bioavailability of <5% hinders its development as an efficacious oral antiviral drug (De Clercq,
1998;Wachsman et al., 1996). Oral bioavailability can be significantly enhanced by derivatization of CDV with
ether lipid residues of various chain lengths (Ciesla et al., 2003). Radioactive versions of HDP-, ODE- and OLP-
CDV orally administered to mice achieved plasma bioavailability levels of 88 to 97%, and concentrations of 1.4 to
3.4 uM (Ciesla et al., 2003). This enhanced bioavailability appeared due to the general resemblance of alkoxyalkyl
esters of CDV to a naturally occurring compound, lysophosphatidylcholine, most of which is absorbed intact from
the small intestine (Scow et al., 1967). Unexpectedly, the alkoxyalkyl esters of CDV also showed a dramatic
decrease in the ECsq values against VACV, CPXV, and HCMV (Kern et al., 2002;Beadle et al., 2002). Using
VACV-WR in human foreskin fibroblasts, Kern ef al. obtained ECs; values for HDP-CDV and ODE-CDV of
1.1£1.0 and 0.2+0.2 pM, respectively, which compared favorably with the values summarized in Table 1 (HDP-
CDV, 0.5+ 0.1 pM and ODE-CDV, 0.2+0.0 uM ) (Kern et al., 2002). Importantly the Kern et al. study determined
the selectivity indices (SI) of HDP-CDV and ODE-CDV to be 6 and 11-fold, respectively, greater than CDV using
CPXV and VACV (Kem et al., 2002). The SI value relates the toxicity and efficacy of a compound by dividing the
drug’s 50% cytotoxic concentration by the 50% effective concentration. As compared to CDV, the larger SI values
for analogs HDP-CDV and ODE-CDV indicate that these compound are excellent candidates for in vivo efficacy

testing.



This marked increase in antiviral activity in vitro was due to greatly increased cellular uptake of HDP-CDV
relative to CDV. Intracellular levels of the activated antiviral compound, CDV-diphosphate, were 100 times greater
after exposure of cells to HDP-CDV than CDV (Aldern et al., 2003). The efficient uptake into cells of alkoxyalkyl
esters of CDV such as HDP-CDV is thought to occur via rapid association with cellular membrane phospholipids,
whereas the uptake of CDV is slow, and has been shown to occur by fluid phase endocytosis (Connelly et al., 1993).

Although this increased cellular uptake of alkoxyalkyl esters of CDV was associated with increased toxicity, the SI
index was still significantly better than CDV (Kern et al., 2002). Furthermore, CDV is highly concentrated in the
kidney and its dose-limiting toxicity is renal; however, the peak kidney levels of HDP-CDV and ODE-CDV are only
3.3% of CDV (Ciesla et al., 2003). Thus, this class of CDV analogs is worthy of further investigation as possible

oral therapies for diseases caused by viruses including HCMYV, herpes simplex viruses, and poxviruses.

In this study, we investigated the efficacy of alkoxyalkyl esters of CDV in a mouse model for smallpox. We
compared the oral activity of CDV and CDV analogs in an aerosol ECTV challenge model in A/NCR mice. ODE-
CDV appeared to be the most potent CDV analog as a Smg/kg, 5 dose regimen protected 100% of A/NCR mice
from a lethal aerosol challenge dose of ~1000 times the LDso. Significant protection was also observed at
1.25mg/kg dose. Virus replication in spleen and liver was not detected when mice were treated with oral doses of
ODE-CDV at Smg/kg or greater; however, virus titers in lung tissue were reduced from control only when the dose
was at least 10mg/kg. The relative level of virus infectivity in tissues did not strongly correlate with drug tissue
concentration. Peak HDP-CDV and ODE-CDV concentrations, respectively, were 1.00 and 1.19 nmol/g in lung,
0.56 and 0.79 nmol/g in spleen and 43.7 and 25.7 nmol/g in liver (Ciesla et al., 2003). The high levels of HDP-CDV
and ODE-CDV in liver tissue may favor antiviral efficacy against ECTV as compared to VACV and VARV since
ECTYV replicates to far higher levels in liver tissue than does VACV or VARV. The synthesis of an alkoxyalkyl
ester of CDV that exerts greater antiviral activity in lung tissue than ODE-CDV, or the administration of aerosolized
CDV, may reduce ECTV virus replication in the lung following an aerosolized challenge (Smee et al., 2000; Bray et

al., 2002). A strategy of adjusting the character of the lipophilic adduct to increase the concentration of lung CDV-

9



diphosphate is based on the observation that '*C-labeled ODE-CDV given orally provides substantially higher drug
concentration in lung tissue than the slightly less lipophilic HDP-CDV (Ciesla et al., 2003). These approaches may
not be necessary, however, as pulmonary disease and presumably extensive variola virus replication in lung was not
an early findings in smallpox, rather bronchopneumonia when observed was usually associated with late stage
disease (Fenner et al., 1988). A strategy to optimize the pharmacokinetics of alkoxyalkyl esters of CDV would be
dependent on a thorough understanding of the pathogenesis of smallpox. This knowledge is currently lacking. The
results presented here suggest that the ODE-CDV and similar compounds should be further examined in oral dose
optimization and therapeutic intervention studies as potential antivirals against human orthopoxvirus systemic

disease caused by VACV, monkeypox virus, and VARV.

Materials and Methods

Cells and virus

BS-C-1 cells (ATCC CCL 26) were grown in Dulbecco’s modified Eagle’s medium (DMEM) containing
10% bovine serum fetal clone III (Hyclone, Logan, UT), 2 mM L-glutamine (GIBCO, Grand Island, NY), 100 U/ml
penicillin (GIBCO, Grand Island, NY), and 100 pg/ml streptomycin (GIBCO, Grand Island, NY). A plaque-purified
isolate of the MOS strain of ECTV (ATCC VR-1374) designated MOS-3-P2, was propagated in an African green
monkey kidney cell line, BS-C-1 (Chen et al., 1992). Virus was purified through a sucrose cushion as described
elsewhere (Moss & Earl, 1998). The VACV-WR (ATCC VR-119) was propagated as described elsewhere (Moss &
Earl, 1998). Virus infectivity was estimated as described previously (Wallace & Buller, 1985). Briefly virus
suspensions were serially diluted in PBS +1% sera, absorbed to monolayers for 1 hr at 37° C, and overlayed with a
suspension of 1% carboxyl methyl cellulose in DMEM +5 % Fetal clone III. After 4 days at 37° C, virus plaques
were visualized and virus inactivated by the addition to each well of 0.5 ml of a 0.3% crystal violet/10% formalin

solution.

10



Animals

Four to six week old female A/NCR mice were obtained from the National Cancer Institute, Frederick Md.,
housed in filter-top microisolator cages and fed commercial mouse chow and water, ad libitum. The mice were
housed in an animal biosafety level 3 containment area. Animal husbandry and experimental procedures were in

accordance with PHS policy, and approved by the Institutional Animal Care and Use Committee.

Antiviral Compounds

Cidofovir ([S]-1-[3-hydroxy-2-phosphonylmethoxypropyl]cytosine, HPMPC, Vistide™) was purchased from
a retail pharmacy or was provided by Gilead Sciences, Inc. (Foster City, CA). Ether lipid analogs of CDV (HDP-
CDV, ODE-CDV, OLE-CDV, and OLP-CDE) were prepared as described previously (Beadle et al., 2002). CDV
and analogs were prepared fresh for each experiment by dissolving the compounds in sterile, distilled water.

Solutions were stored at 4° C over the course of the experiment.
p

Plaque reduction Assay

CV-1 cells were plated in wells of a 24 well cluster plate. Each monolayer was infected with ~75 plaque
forming units (PFU) of indicator virus in 0.1 ml of DMEM +5 % Fetal clone III for 60 min at 37°C. Media was
removed by aspiration and standard virus overlay media containing no drug or the test drug at concentrations ranging
from 0.05 to 50 uM was added. The plates were incubated at 37°C for 3-4 days for ECTV and 2 days for VACV-
WR, monolayers were stained and plaques counted using a stereomicroscope. The ECs, concentration for each drug

was calculated.
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In vivo drug evaluation

Mice were exposed to acrosolized ECTV suspended in MEM using a nose-only inhalation exposure system
(NOIES; CH Technologies) equipped with a 1-jet BioAerosol Nebulizing Generator, and operated within a class II
biological safety cabinet. The NOIES was operated with a primary air pressure of 20 psi giving 1.5 L/min flow rate
to the aerosol chamber (without secondary air), a virus suspension flow rate of 0.5 ml/min, and a system operating
pressure~-0.5 in of vacuum relative to the out-side atmospheric pressure. The NOIES delivered a predicted median
particle diameter of 0.8 = 1.2 um (Dr. Chad Roy, personnel communication). The quantity of virus delivered to the
mice over the course of exposure was not measured directly, but estimated by multiplying the concentration of virus
in the aerosol (C,) in PFU by the total volume (V) of air respired by a mouse of given body weight over the
exposure time using Guyton’s formula for minute volumes administered to rodents (Guyton, 1947). This presented
virus dose is likely an upper limit as it assumes that all of the virus was optimally aerosolized and completely taken
up on inhalation. Four hrs following aerosol exposure to ECTV, groups of 16 mice were treated by gavage with 0.1
ml sterile, distilled water alone or water containing the test compound. This treatment was repeated ondays 1, 2, 3,
and 4 for a total of five doses. Five mice from each treatment group were sacrificed at 7 days post aerosol challenge,
and lung, spleen and liver tissues were isolated. Tissue was ground in PBS (1 0%w/v), frozen and thawed three
times, and sonicated for 20 seconds. Virus infectivity (PFU/ml) in tissue homogenates was estimated by titration on
BS-C1 monolayers (above). Arithmetic means were calculated for PFU/ml values above the limit of detection (10
PFU/ml). The remaining 11 mice were observed over 21 days for clinical signs of disease (morbidity) and mortality.

Mice showing conjunctivitis, little or no movement, and marked respiratory distress were euthanized as they were

near death.
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Statistical Methods
Statistical significance of differences between groups in the proportion of surviving mice was determined by
the Pearson Chi-square test. Statistical significance of differences between groups in tissue infectivity titers was

determined by the Wilcoxon non-parametric analysis. P< 0.05 was considered significant.
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Figure legends

Fig. 1. Structure of cidofovir and ether lipid esters

Fig. 2. Dose response evaluation of HDP-CDV and ODE-CDV in an ectromelia virus acrosol challenge model.
Groups of 16 A/NCR mice were treated by gavage with the indicated doses of CDV (M ), HDP-CDV ( ® ), or ODE-
CDV () on days 0 through 4. Mice were exposed to a small particle aerosol presenting a dose of 2.3 x 10*
PFU/mouse, which was given~4 hrs prior to the first drug treatment. Eleven mice were observed for mortality and
MTD (A). Each plotted value is given with its MTD unless no deaths were observed. Five mice from each
treatment group were sacrificed at 7 days post challenge, lung (B), spleen (C), and liver (D) tissues were isolated,
and virus infectivity measured. Arithmetic means and standard deviation from the means were calculated for
PFU/ml titers above the limit of detection in each treatment group. Each tissue sample, which lacked detectable
virus (< 10 PFU/ml), is represented below the dashed line in each panel. At all treatment doses, the percentage of
surviving HDP-CDV and ODE-CDV treated mice differed significantly from that of the CDV treatment group, and
at the 1.25 mg/kg dose, the percentage of surviving ODE-CDV treated mice was significantly different from the
HDP-CDV treatment group; (P<0.05). In panel B, virus titers in lungs of HDP-CDV and ODE-CDV treated mice
differed significantly from the CDV treatment group only at the 10mg/kg dose; (P<0.05). In panel D, virus titers in
liver of ODE-CDV treated mice differed significantly from that of the HDP-CDV treatment group only at the 1.25

mg/kg dose; (P<0.05).
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Abstract

A new series of ether lipid esters of cidofovir (CDV), cyclic cidofovir (¢CDV) were
evaluated against vaccinia virus and cowpox virus in tissue culture cells. The results indicated
that a number of the compounds were 20 - 600 fold more efficacious than the parent compounds.
The antiviral activity of the compounds was strongly dependent on the number of atoms in the
chain and the presence or absence of a double bond in the alkoxyalkyl chains linked to the

phosphonate moiety of CDV.

The threat of an intentional or unintentional spread of poxvirus infections to a vulnerable
population has led to increased efforts to find safe, rapidly deployable treatments against such
infections. Although vaccination is now being offered to some healtimcarc workers and other “first
responders”, there are valid concerns about potential vaccine risks (Booss and Davis, 2003; Lane
and Goldstein, 2003). Previously reported smallpox vaccine-associated adverse reactions, along
with the unknown prevalence of risk factors among today’s population has prompted the
preparation of guidances for clinicians in evaluating and treating patients with smallpox
vaccination complications (Cono et al., 2003). Following that guidance, the vaccine is not
recommended for those with eczema and other exfoliative skin disorders, those with hereditary or
acquired immunodeficiencies, or for pregnant women or women who desire to be pregnant in the
28 days after vaccination. More recently, the Centers for Disease Control issued a health advisory
on March 25, 2003 recommending as a precautionary measure, that persons with known cardiac
disease not be vaccinated at this time. (CDC Media Relations: Press Release, 2003). Therefore,
the use of antiviral therapy in the event of a poxvirus outbreak or in the treatment of vaccination
complications against smallpox virus (Bray, 2003), points to the continued need to examine

available antiviral therapies, as well as the development of new and more efficient treatment.



The acyclic nucleoside phosphonates Cidofovir (CDV) and cyclic Cidofovir (cCDV) have
been shown to be potent inhibitors of poxvirus replication in vitro (Baker et al., 2003; Keith et al.,
2003; Kern et al., 2002; Snoeck et al., 2002) as well as demonstrating efficacy in animal model
studies when administered parenterally or by aerosol (Bray et al., 2000; Quenelle et al., 2003;
Smee and Sidwell, 2003) however, these compounds are inactive when given orally. Although
CDV is available under Investigational New Drug (IND) protocols for treatment of certain
smallpox vaccination complications or for the emergency treatment of smallpox (Cono et al.,
2003), the necessity of intravenous hydration and ﬁse of probenecid limits its extensive use.

Previous in vitro studies have shown that multiple-log increases in antiviral activity were
observed with hexadecyloxypropyl and octadecyloxyethyl derivatives of cidofovir and cyclic
cidofovir (HDP-CDV; HDP-cCDV, ODE-CDV; ODE-cCDV) against orthopoxvirus replication
(Kern et al, 2002), as well as enhanced inhibition of cytomegalovirus and herpesvirus replication
(Beadle et al., 2002) by these esters compared to the parent compounds. The compounds have an
oral bioavailability of 88 to 93% in mice (Ciesla et al, 2003). Additionally, the oral activity of
these cidofovir prodrugs against vaccinia virus (VV) and cowpox virus (CV) infections in mice
has been demonstrated (Quenelle et al., 2003).

In this study, the unmodified acyclic nucleoside phosphonates CDV and cCDValong with a
new series of analogs synthesized by esterification of these compounds with an alkyl chain
without the propoxy linker moiety, were evaluated for efficacy (plaque reduction assay) against
VV and CV and cytotoxicity (neutral red uptake assay) in human foreskin fibroblast (HFF) cells
using methodologies described previously (Keith et. al., 2003). The compounds were synthesized
generally as reported previously (Kern et al, 2002) and the details of the chemistry will be
reported elsewhere (Wan, W.B et al, manuscript in preparation, 2003).

As presented in Table 1, the most active ether lipid esters of CDV were OLE-CDV, ODBG-
CDV, TDP-CDV, OLP-CDV and ODP-CDV with 50% effective concentrations (ECss) of 0.06 —

1.2 uM for VV and 0.07 — 1.9 uM for CV. These analogs demonstrated 20 — 600 fold increases in



efficacy when compared to the parent compound. Comparisons of these CDV analogs with
published results of in vitro activity of HDP-CDV and ODE-CDV (Kemn et al., 2002), as well as
additional testing of these compounds reported in this study, indicated that several of the newly
synthesized compounds were even more efficacious than HDP-CDV or ODE-CDV, which had
increases up to 200-fold over the parent compound. Most of the ¢cCDV analogs followed a
comparable but lower pattern of efficacy when compared to their CDV counterparts, with 3 — 150
fold increases over the parent compound cCDV. The selectivity index (SI) value, which measures
a compounds activity by evaluating the toxicity (CCs,) divided by efficacy (ECs,), ranged from
85 to 933 for OLE-CDV; OLE-cCDV and OLP-CDV; OLP-cCDV against both viruses.
Comparatively, SI values for HDP-CDV; HDP-cCDV and ODE-CDV:; ODE-¢cCDV were in the
40 — 140 range.

The majority of the new analogs tested were more active than the parent compounds; only 4
CDV and 2 ¢cCDV analogs were inactive up to 20 uM. The less active compounds were
alkoxyalkyl or alkyl esters of CDV having short chains of less than 16 atoms beyond the
phosphonate moiety of CDV. Interesting new analogs were tetradecyloxypropyl-CDV which was
equally active with HDP-CDv but with a much higher SI. Figure 1 shows the comparative
activity of the CDV derivatives with no linker and with the propyxy linker. CDV esters of this
type have rather sharp optimum chain lengths of 18 to 20 atoms beyond the phosphonate and
there is little difference between their activity when the are compared in this way. Cyclic CDV
analogs show a sharp optimum in antiviral activity at 20 atoms with activity declining sharply as
the chain is lengthened to 22 atoms. Interestingly, tetradecyloxypropyl-CDV is substantially less
cytotoxic but retains excellent antiviral activity and selectivity, SI >200. Addition of a 9,10 cis
double bond into the eighteen carbon alkyl chain (oleyl-) substantially increased the activity
about 3 fold relative to the saturated alkyl chain. The oxyethyl analogs of CDV are generally
more active than their oxypropyl counterparts even though they differ by only one methylene.

OLE-CDV was the most active and selective derivative of CDV in these studies with an EC50 of



0.06 and a SI of 933 against vaccinia and and EC50 of 0.07 and an SI of 800 versus COWPOX
(Table 1).

Several of these new analogs have enhanced activity against orthopoxvirus replication in
vitro, and warrant further investigation for determining their oral absorption and efficacy in
animal models.

These studies were supported by contract NO1-AI-85347 from the Antiviral Research
Branch, NIAID, NIH to the University of Alabama at Birmingham (ERK) and by NIH grants
EY11832 and AI21694 to the San Diego Veterans Medical Research Foundation and Department
of Defense grant DAMD17-01-2-0071 from the US Army Medical Research and Material

Command (KYH).
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Figure 1. Effect of Alkyl or Alkoxyalkyl Chain Length on the Antiviral Activity of CDV and
cyclic CDV analogs against vaccinia and cowpox, in vitro

FIGURE 1 REVISED
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Abstract

Infection with human cytomegalovirus (CMV) can cause serious complications in
bone marrow and solid organ transplant patients and current therapies are not optimal.
We have evaluated two orally active ether lipid ester analogs of cidofovir (CDV),
hexadecyloxypropyl-cidofovir (HDP-CDV) and octadecyloxyethyl-cidofovir (ODE-CDV),
in severe combined immunodeficient mice in which fetal retina or thymus and liver
tissue was implanted and later infected with CMV. The results indicated that oral HDP-
CDV or ODE-CDV treatment was 4 to 8 fold more active on a molar basis than
intraperitoneal CDV. These data suggest that HDP-CDV and ODE-CDV should be

evaluated further as potential antiviral agents for CMV infections.



Introduction

Cytomegalovirus (CMV) infection continues to be a major cause of morbidity in
stem cell and solid organ transplant patients [1] and is reported to be the most frequent
congenital infection worldwide occurring in 0.2-2.5% of all live births [2]. There are five
therapeutics currently approved for treatment of CMV but in many cases, long term
therapy is ineffective, may result in the development of resistance or serious adverse
events that require termination of treatment [3]. These problems clearly indicate the
need for better antiviral agents against CMV.

One of the more active drugs for CMV infection is cidofovir (CDV), however, lack
of oral activity requires administration via intermittent intravenous infusion. To produce
orally active analogs of CDV, two ether lipid ester prodrugs, hexadecyloxypropyl-
cidofovir (HDP-CDV) and octadecyloxyethyl-cidofovir (ODE-CDV) were synthesized [4,
5]. In vitro evaluation of these compounds indicated that both were 100-10,000 times
more active against various laboratory, clinical and drug-resistant isolates of CMV than
CDV or ganciclovir [5]. This increased activity has been attributed, at least for HDP-
CDV, to enhanced cellular uptake as well as increased intracellular levels of CDV
diphosphate when compared to CDV [6]. Pharmacokinetic evaluation of the two
analogs of CDV in mice indicate that oral bioavailability of HDP-CDV and ODE-CDV
was 93% and 88%,respectively, compared with CDV at <5% [7]. This excellent
bioavailability combined with an observation that accumulation of these analogs in the
kidney was markedly reduced suggested that HDP-CDV or ODE-CDV could be more
conveniently administered and may be less nephrotoxic than CDV.

In these studies, we utilized two animal models of human CMV infection to

evaluate the oral efficacy of HDP- and ODE-CDV. In these models, either fetal human



retinal or thymus and liver tissue was implanted into severe combined immunodeficient
(SCID) mice and later infected with CMV. Animals were treated with either vehicle,
HDP-CDV or ODE-CDV and at various times after infection, implanted tissue was

removed and CMV titers quantified by plaque assay.



Materials and Methods
Antiviral Drugs

Cidofovir (CDV; Vistide®) was provided by Gilead Pharmaceuticals (Foster City,
CA ) and the ether lipid esters, HDP-CDV and ODE-CDV were synthesized as
described previously [4, 5]. Compounds were diluted in sterile saline to provide the
desired dose in either 0.1 ml (i.p.) or 0.2 ml (p.o.).
Preparation of Viral Pools

The Toledo strain of CMV was obtained from Dr. Edward Mocarski (Stanford
University School of Medicine, Stanford, CA, USA) and propagated in human foreskin
fibroblast (HFF) cells derived from primary cultures [8, 9].
Implantation and Infection of Retinal Implants

Implantation of human fetal retinal tissue and later infection of the retinal tissue
implants was performed as described elsewhere [8, 10]. Briefly, 4-8-week-old male
SCID mice (Charles River Laboratories, Raleigh, NC, USA) were anesthetized with an
i.p. injection of 100 mg/kg ketamine and 15 mg/kg xylazine and proparacaine-HClI
(0.5%) was instilled in the eyes. A winged infusion needle (27G X %2") containing
mechanically dissociated fetal retinal tissue in Optisol (Chiron Ophthalamics, Irvine, CA,
USA) was then inserted into the anterior chamber of the mouse eye where
approximately 5 pl of tissue was injected. Using a similar procedure, mice were again
anesthetized 8-12 weeks later and 10 pl of virus (4-5000 pfu) was injected near the
implant. Beginning 24 h after infection, once daily treatment of mice was initiated and
continued for 28 days.

To monitor CMV replication in retinal tissue implants, approximately 6 mice from

each group were euthanized at 7, 14, 21, and 28 days after infection. The eyes were



removed and homogenized in 1.0 ml of MEM containing 10% FBS, 2 mM L-glutamine,
200 U/ml penicillin, 50 ug/ml gentamicin and 3 pg/ml fungizone. The homogenate was
centrifuged and the supernatant removed and frozen at -70°C until assayed for CMV.
Implantation and infection of Thymus/Liver Implants

Implantation and later infection of thymus/liver (thy/liv) tissue under the kidney
capsule of SCID mice was performed as described previously [9]. In these
experiments, 4-8 week-old male SCID mice were anesthetized and fragments of fetal
thymus and liver were implanted under the kidney capsule using an 18 gauge trocar.
After recovery, mice were given 0.8 mg sulfamethoxazole and 0.16 mg trimethoprim per
ml in drinking water for two weeks.

Implants were allowed to develop for 12-16 weeks before being inoculated with
6-7000 pfu of CMV. Beginning 24 h after infection, treatment was initiated and
continued once daily for 28 days. On days 14, 21, 28, and 35, approximately 10
implants in each group were biopsied (~50% of implant), weighed and homogenized in
MEM. Homogenates were centrifuged and supernatants removed and frozen at -70°C
until assayed for virus.

Statistical Evaluation

As data were not normally distributed and there were a number of zero values in
several of the data sets, we used a non-parametric stratified Wilcoxon Rank sum test to
evaluate differences in virus replication between vehicle and drug-treated mice. Days
were used as strata and data collected during the entire 28 days of treatment were

used.



Results

Several experiments were performed initially to determine a maximal tolerated
dose and the minimal effective dose of the analogs. In the first experiment, SCID-
human (SCID-hu) retinal tissue implants were used and the results indicated that daily
treatment with 20 mg CDV/kg, 10 mg HDP-CDV/kg or 5 mg HDP-CDV/kg effectively
reduced replication of CMV (data not shown). In a second experiment, SCID-hu thy/liv
implants were utilized and those results indicated that in comparison to the vehicle-
treated group, treatment with either 10 mg CDV/kg or 10, 5, or 2.5 mg HDP-CDV/kg
was also effective in inhibiting the replication of human CMV (data not shown). To
determine the in vivo activity of ODE-CDV, another series of SCID-hu thy/liv implants
were infected and treated orally with vehicle or 5, 2.5, or 1.25 mg ODE-CDV/kg, or i.p.
with 20 mg CDV/kg. These results indicated that treatment with either CDV or ODE-
CDV was effective in inhibiting the replication of human CMV in a dose dependent
manner (data not shown).

In the experiments presented here, a direct comparison between i.p. CDV and
oral HDP-CDV or ODE-CDV was made in both SCID-hu retinal and thy/liv implant
models. In the first of these, SCID-hu retinal tissue implants were infected with 4700
pfu of CMV per eye. Beginning 24 h after infection, animals were treated once daily
orally with either vehicle (saline), 10 or 5 mg HDP-CDV/kg, 5 or 2.5 mg ODE-CDV/kg, or
i.p. with 20 mg CDV/kg. Treatment was continued for 28 days and on days 7, 14, 21,
28, animals were euthanized, eyes removed, homogenized, and assayed for CMV. The
results indicated that, compared to the vehicle control, treatment with CDV, HDP-CDV
or ODE-CDV reduced significantly (p<0.0001) replication of CMV in the implant tissue

(Figure 1). By 21 days after infection, the mean viral titer in implants from the vehicle



group was 4.3 log1p pfu/g. In comparison, mean viral titer from implants in the CDV-
treated group was 1.9 logqo pfu/g. In mice treated with 5 mg HDP-CDV/kg or 2.5 mg
ODE-CDV/kg, mean viral titers were 1.9 and 2.4 log1o pfu/g, respectively. Importantly,
in implants from animals treated with either 10 mg HDP-CDV/kg or 5 mg ODE-CDV/kg,
no virus was detected.

In a final comparison between the three compounds, thy/liv implant tissue was
infected with 7000 pfu of CMV. Beginning 24 h later, animals were treated and tissue
harvested using a regimen similar to that stated above. The results, in Figure 2,
indicated that compared to titers obtained in tissues from vehicle treated mice,
treatment with CDV, HDP-CDV, or ODE-CDV were all effective (p<0.001) in inhibiting
CMV replication. By 28 days after infection, the mean viral titer in vehicle-treated
animals was 5.7 logo pfu/g. In comparison, mean viral titers in implant tissue from
animals treated with either 20 mg CDV/kg or 2.5 mg ODE-CDV/kg were 3.3 and 2.6
log1o pfu/g, respectively. In animals treated with either 10 or 5 mg HDP-CDV/kg or 5 mg
ODE-CDV/kg, again, no infectious virus was detectable.

During the course of several of the above experiments, animals were weighed on
a thrice weekly basis. In general, animals lost approximately 1-2% of their original body
weight by 4 days but gained back and maintained their weight for the remainder of the
treatment period. On the last day of treatment, blood chemistries were performed and
most of the values obtained were similar to those from vehicle-treated or CDV-treated

animals (data not shown).



Discussion

In these studies, we have demonstrated that orally administered HDP-CDV and
ODE-CDV are highly effective against CMV infection in vivo. In each experiment, both
compounds administered orally were found to be 4 to 8 fold more efficacious on a molar
basis than intraperitoneal CDV. In the SCID-hu thy/liv model, the activity of HDP-CDV
and ODE-CDV indicated that oral administration of these compounds results in drug
levels sufficient to inhibit CMV replication in target organs. In the SCID-hu retinal
model, the efficacy of these compounds suggested that in addition to systemic activity,
HDP-CDV and ODE-CDV can cross the blood-ocular barrier and inhibit CMV infection
of ocular tissue as well.

These data further support the SCID-hu retinal tissue and thy/liv models for
evaluating various antiviral therapies against both ocular and systemic CMV infections
in vivo. Studies validating the use of these models for the evaluation of antiviral
therapies have shown that while they do not precisely mimic human CMV infections,
results after treatment with GCV or CDV [8, 9, 11] appear to correlate with clinical
outcome [3].

In addition to activity against CMV, HDP-CDV and ODE-CDV are also highly
efficacious against other herpesviruses in vitro [12]. The activity of these compounds
was typically shown to be 2-3 logs more efficacious against herpes simplex virus types
1 and 2, Epstein Barr virus and human herpesviruses 6 and 8 than that observed for
CDV [12]. We have also reported the enhanced in vitro activity of these compounds
over CDV against vaccinia and cowpox virus [4]. Further evaluation of these

compounds against orthopoxvirus infection in vivo confirmed that both HDP-CDV and



ODE-CDV were as effective as CDV in inhibiting viral replication and preventing
mortality in mice inoculated intranasally with these viruses [13].

It is interesting to note that while HDP-CDV and ODE-CDV were significantly
more efficacious than CDV in vitro against vaccinia and cowpox viruses, the in vivo
efficacy of these orally administered compounds did not appear to be significantly
different from parenterally administered CDV [13]. The HDP- and ODE- analogs of
CDV exhibited a 2.5-4 log increase in activity against various isolates of human CMV in
vitro [3]. In contrast, the present studies indicate that the oral activity of HDP-CDV and
ODE-CDV is only 4 to 8-fold more active than parenteral CDV in inhibiting CMV
replication. These results can partially be explained in the SCID-hu thy/liv model, where
tissue implantation and infection occur under the kidney capsule, by pharmacokinetic
data which indicates that the AUCq.72, levels of HDP-CDV and ODE-CDV in kidney are
20-25% of those observed for CDV [7]. Thus, parameters such as in vitro efficacy,
bioavailability and tissue levels of drugs all must be considered together when
interpreting the potential of these compounds against various viral infections.

HDP-CDV and ODE-CDV are orally bioavailable compounds that have
enhanced activity against CMV in vitro (5). Invivo, these studies indicate that orally
administered HDP-CDV and ODE-CDV are 4 to 8 fold more active on a molar basis
than parenteral CDV. After oral administration of these analogs, plasma and tissue
levels of CDV were higher and persisted longer in all tissues examined with the
exception of kidney when compared to parenteral CDV [7]. These observations
suggest that oral HDP-CDV and ODE-CDV may result in less nephrotoxicity than seen

with CDV by minimizing accumulation of drug in kidney. The data presented in this

10



report strongly suggests that HDP-CDV and ODE-CDV are excellent candidates for

further evaluation in the treatment of CMV as well as other DNA virus infections.
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Figures

Figure legends

Figure 1 The effect of oral HDP- and ODE-CDV treatment on the replication of human
CMV in SCID-hu retinal tissue implants. Dosages are mg/kg

Figure 2 The effect of oral HDP- and ODE-CDV treatment on the replication of human

CMV in SCID-hu thy/liv tissue implants. Dosages are in mg/kg.
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